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ABSTRACT OF THE DISSERTATION 
LABEL-FREE SURFACE-ENHANCED RAMAN SPECTROSCOPY-LINKED 
IMMUNOSENSOR ASSAY (SLISA) FOR ENVIRONMENTAL SURVEILLANCE 
by 
Vinay Bhardwaj 
Florida International University, 2015 
Miami, Florida 
Professor Anthony J. McGoron, Major Professor 
The contamination of the environment, accidental or intentional, in particular with 
chemical toxins such as industrial chemicals and chemical warfare agents has increased 
public fear. There is a critical requirement for the continuous detection of toxins present at 
very low levels in the environment. Indeed, some ultra-sensitive analytical techniques 
already exist, for example chromatography and mass spectroscopy, which are approved by 
the US Environmental Protection Agency for the detection of toxins. However, these 
techniques are limited to the detection of known toxins. Cellular expression of genomic 
and proteomic biomarkers in response to toxins allows monitoring of known as well as 
unknown toxins using Polymerase Chain Reaction and Enzyme Linked Immunosensor 
Assays. However, these molecular assays allow only the endpoint (extracellular) detection 
and use labels such as fluorometric, colorimetric and radioactive, which increase chances 
of uncertainty in detection. Additionally, they are time, labor and cost intensive. These 
technical limitations are unfavorable towards the development of a biosensor technology 
for continuous detection of toxins. Federal agencies including the Departments of 
viii 
Homeland Security, Agriculture, Defense and others have urged the development of a 
detect-to-protect class of advanced biosensors, which enable environmental surveillance of 
toxins in resource-limited settings. 
In this study a Surface-Enhanced Raman Spectroscopy (SERS) immunosensor, aka a 
SERS-linked immunosensor assay (SLISA), has been developed. Colloidal silver 
nanoparticles (Ag NPs) were used to design a flexible SERS immunosensor. The SLISA 
proof-of-concept biosensor was validated by the measurement of a dose dependent 
expression of RAD54 and HSP70 proteins in response to H2O2 and UV. A prototype 
microchip, best suited for SERS acquisition, was fabricated using an on-chip SLISA to 
detect RAD54 expression in response to H2O2. A dose-response relationship between 
H2O2 and RAD54 is established and correlated with EPA databases, which are established 
for human health risk assessment in the events of chemical exposure. SLISA outperformed 
ELISA by allowing RISE (rapid, inexpensive, simple and effective) detection of proteins 
within 2 hours and 3 steps. It did not require any label and provided qualitative information 
on antigen-antibody binding. SLISA can easily be translated to a portable assay using a 
handheld Raman spectrometer and it can be used in resource-limited settings. Additionally, 
this is the first report to deliver Ag NPs using TATHA2, a fusogenic peptide with cell 
permeability and endosomal rupture release properties, for rapid and high levels of Ag NPs 
uptake into yeast without significant toxicity, prerequisites for the development of the first 
intracellular SERS immunosensor. 
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CHAPTER 1 INTRODUCTION AND BACKGROUND 
1.1 SCOPE AND MOTIVATION 
The threat of intentional or accidental contamination of the environment with chemical and 
biological toxins (CBTs) persists since ancient times. For example, the poisoning of water 
by disposing of corpses in wells and the use of toxins for assassination; in the 14th century 
the Mongols hurled plague-infected bodies into the Crimean city of Kaffa to hasten its fall 
and the British in 1763 used smallpox-infected blankets in an attempt to kill native 
Americans allied with France during the French-Indian war (Poupard et al. 1992). During 
and after the World Wars, leading countries did extensive research on CBTs, particularly 
chemical warfare agents (CWAs). The use of anthrax in USA, 1984 and 2001, and Sarin 
in Japan, 1995 and Syria, 2013 are some examples of chemical and biological warfares. 
The release of toxic industrial chemicals (TICs) is another major concern. For example, 
Minamata disaster due to mercury release in Japan, 1932-1968; Bhopal tragedy due to 
methyl isocyanate gas leak in India, 1984; nuclear disaster in Chernobyl- Ukraine, 1986 
and more recently in Fukushima Daiichi - Japan, 2011.  A contaminated environment has 
direct severe impact on human health. Indeed, if we need to cure human health we must 
first decontaminate the polluted environment. It is shocking to know that newborn babies 
who enter the world are contaminated before birth. According to The Environment 
Working Group, a research organization based in Washington, D. C., testing the umbilical 
cord blood of ten newborn infants in US hospitals in 2004 revealed contamination of with 
287 toxic chemicals; consumer products, pesticides, waste products and other TICs, 212 of 
287 that are banned or severely restricted in US (Hulihan et al. 2005). Of the 287 chemical 
2 
toxins, most (180) are listed as causative agents of cancers (217), birth defects and 
abnormal development (208). 
The major problem with attacks and incidents resulting in the release of various toxins is 
their detection when they are present in very low concentration in the environment. There 
is a critical need for detection techniques, which can be used for continuous environmental 
surveillance. The following section discusses the trend in development of detection 
techniques for CBTs, primarily chemical toxins TICs and CWAs and summarizes their key 
advantages and inherent limitations. 
1.2 SENSOR TECHNIQUES 
In response to the global fear and the severe health effects associated with environmental 
contamination of CBTs, substantial investments have been made to develop 
sensor/detection techniques. The progress and prospects of the techniques to detect CBTs 
have been reviewed (Bhardwaj et al. 2014; Lim et al. 2005) and can be broadly categorized 
as using conventional and advanced biosensors (Fig. 1). The following terms will be used 
with respect to the types of detection/biosensor approaches throughout the report: 
Cell-free and cell-based detection: Biosensor approaches that employ cell lysates for cell-
free/ extracellular detection of cellular components or employ intact live cell for cell-
based/intracellular detection of cellular components. 
Label-free and label-based detection: Biosensor approaches that employ the use of 
fluorescent, luminescent or radioactive dyes or labels (label-based) or those without dyes 
or labels (label-free). 
3 
Detect-to-protect and detect-to-treat biosensors: Classes of biosensors developed for the 
detection of environmental contaminants, primarily to give rapid warning signals to protect 
human health from toxin exposure (detect-to-protect) or identification of toxins to allow 
health treatment (detect-to-treat). 
     
 
Fig. 1: Classification of biosensor technologies. Acronyms and abbreviations: HPLC: High 
Performance Liquid Chromatography, MS: Mass Spectroscopy, IR: Infrared Spectroscopy, 
MN: Micronuclei, CA: Chromosomal Aberrations, ELISA: Enzyme-Linked 
ImmunoSorbent Assay, IFA: Immuno Fluorescence Assay, SAW: Surface Acoustic Wave, 
QCM: Quartz Crystal Microbalance, SPR: Surface Plasmon Resonance, RWG: Resonant 
Wave Grafting and RS/SERS: Raman Spectroscopy/Surface-Enhanced Raman 
Spectroscopy. Boxes represent the most successful detection/biosensor techniques (after 
Bhardwaj et al. 2014). 
Microbial assays or cultures to identify toxins, primarily biological toxins or pathogens, 
were first described by Koch et al. (1882) as “Koch’s postulates”, a staple of 
Calorimetric 
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microbiological science. Ames (1979) developed a test based on chemical agents that 
induce bacterial mutagenesis, which is now used as a standard technique to validate the 
development of advanced biosensor techniques (Terziyaska et al. 2000; Knight et al. 2004; 
Yang et al. 2005).  However, the long incubation and culture time of the toxins (days to 
weeks) required to produce a response is an inherent limitation of microbial assays. 
Additionally, such tests are performed manually and require well-established laboratory 
settings. Automation has shown great progress in the last decade to produce commercial 
microbial assay systems such as MicroLog by BioLog, USA, VITEK and API series by 
bioMerieux, USA and the microbial identification system by MIDI Inc., USA. These 
systems allow rapid detection and high accuracy compared to standard manual assays 
(Lavallee et al. 2010). The microbes used in commercial assays either produce natural 
signals or are engineered (bioreporters) to produce signals in response to toxins. The 
natural microbial systems are limited to Vibrio fisheri, a marine organism, e.g. Microtox 
by Aquatox Research Inc., USA and ToxAlert by Toxalert International Inc., USA. The 
bioreporter technology using genetically engineered microbes is a promising cell-based 
biosensor (CBB) technology for environmental surveillance and will be discussed 
separately in CBB, section 1.3. 
As compared to biological toxins, chemicals can be easily produced in large scale and they 
can be customized for their intent of use (Ganesan et al. 2010). Quimby 2002 and 
Sferopoulos 2009 reviewed the progress in detection of chemical toxins, particularly 
CWAs and TICs.  Spectroscopy, including mass, infrared, near infrared, and 
chromatography, including high performance liquid chromatography (HPLC) are sensitive, 
accurate and are the industry standard to detect chemical toxins. However, these are 
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sophisticated analytical techniques that are expensive; require technical skills, long 
turnaround time, sophisticated instrumentation and sample processing such as acid 
digestion for inductively coupled plasma-mass spectroscopy (ICP-MS), alkyl halides for 
infrared spectroscopy, and solvent/mobile phase optimization for HPLC. By contrast 
colorimetric detection, the chemical reaction of toxins with substrate or solution resulting 
in a specific color change, is relatively inexpensive, portable, rapid and easy-to-use. 
Commercial examples of such assays include chemical detection papers, and colorimetric 
kits. However, colorimetric detection is not accurate and correlate poorly with standard 
spectroscopy and chromatography techniques (Erickson 2003; George et al. 2012). 
Additionally, they are designed for detection of a single analyte and therefore several 
chemical kits or reactions are required if multiple analytes are present (Sun et al. 1992). 
Almost every living entity is able to adjust to adverse environmental conditions (i.e., stress) 
by undergoing relevant cellular and molecular changes at the genomic or proteomic level. 
Stress is broadly referred to as any “disturbance to normal development” affecting 
structure, function, stability, growth and/or survival. Eukaryotic cells, from yeasts to 
mammals, respond and adapt to environmental stress by an evolutionary conserved 
endogenous system through a network of signal transduction pathways expressing stress 
biomarkers. Biomolecules such as DNA, proteins, carbohydrates and lipids can act as stress 
biomarkers. Cells activate signaling cascade leading to activation and induction of stress 
biomarkers in response to stressors, which are either inactive or under expressed during 
optimal growth conditions. There are numerous environmental stimuli that can act as 
stressors and can be categorized as biotic (living) or abiotic (non-living). Biological toxins 
or infectious agents are considered biotic stressors. Abiotic stressors are: hyper/hypo 
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thermal, hypoxia, reactive oxygen species, radiation, starvation, hypo/hyper osmotic 
conditions, mutations, heavy metals, toxic agents and exposure to certain drugs. 
Although the stress-response is organism-specific and toxin-specific, the general stress 
response pathways, referred to as damage repair and removal systems, have been found for 
all organisms (Fulda et al. 2010). Depending on severity and duration of stress, there are 
three outcomes of cellular response to stress. First, cell damage can be successfully repaired 
with no genetic alteration. Second, if the cell damage is beyond repair then removal by 
apoptosis takes place. Third, sometimes DNA repair is not successfully repaired and cells 
evade apoptosis, they will carry forward the genetic alteration. Second and third outcomes 
are highly detrimental, demanding cytotoxic and genotoxic assays for their assessment. 
Current gold-standard cytogenetic assays to test genotoxicity include micronuclei, 
chromosomal aberration and comet assays. These assays are widely accepted for their 
accuracy. However, the difference in end-point biological detection can lead to contrary 
results demanding a battery of tests (Goethem et al. 1997; Kawaguchi et al. 2010). 
Additionally, the inherent limitation of these cytogenetic assays is the long turnaround time 
of several hours-days and the requirement of specially trained personnel, which limits their 
applications to laboratory settings. Therefore these assays are not suitable for applications 
in resource-limited settings required for environmental surveillance. The advent of 
microarray and nanotechnology allowed the development of automated assays to develop 
faster, smaller and easier-to-use biosensor designs for CBTs: such as TIGER (triangular 
identification for genetic evaluation of risk), APDS (autonomous pathogen detection 
system), RAPTOR, QTL, BioVEris and Nano-nose (Brown, 2004).  Polymerase chain 
reactions and immunoassays employ cell lysis (examples of cell-free endpoint detection) 
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and chromophore or fluorophore dye (labels), which limit their potential. The progress in 
cell-based and label-free detection/biosensor technologies is discussed in the next section. 
Several studies report involvement of a conserved sequence of elements, called Stress 
Response Elements (STRE) in yeast, which regulate the expression of genes whose 
products provide protection against most, if not all, environmental stressors (Jamieson 
1998). STRE are proposed to be generally activated in response to diverse classes of 
stressors and became to be known as “general stress” transcription factors. This general 
stress response results in altered expression, induction and repression of ~ 900 genes in 
yeast (Gasch et al. 2000). Among these 900, RAD54 (Walmsley et al. 1997 and Knight et 
al. 2004), HSP70 (So et al. 2007 and La Terza et al. 2008), CASP3 (Kojio et al. 2006 and 
Vachova et al. 2007) and NSMase (Jaffrezou et al. 1998 and Matmati et al. 2008) are 
characterized for their strong induction during cellular stress, such as oxidative, heat, UV, 
ionizing radiations and chemotherapeutic agents or drugs. Ambiguity in the specificity of 
CASP3 assay kits (Pozarowski et al. 2003 and Vachova et al. 2007) and the acute and cyclic 
expression of NSMase in response to toxins (Jaffrezou et al 1998) deter the employment of 
these two proteins for the development of an environmental biosensor. 
HSP70 and RAD54 are highly conserved from yeast to human, and their stress-response 
mechanisms have been well understood (Richter et al. 2010; Heyer et al. 2006; Jamieson 
1998). HSP70s, alias molecular chaperons, are key players in facilitating de novo folding 
of polypeptide chains produced by ribosomes into functional proteins under normal 
physiological conditions. Under stress conditions, the HSP70s are involved in correct 
refolding of proteins, preventing aggregation of unfolding proteins and even degradation 
of damaged or denatured protein. For all these functions high copy numbers of HSP70s are 
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required, which are automatically upregulated in response to stress via activation of heat 
shock factor 1 in eukaryotes. RAD54, alias DNA repair and recombination proteins, were 
originally identified in yeast with sensitivity to UV radiations. Among different types of 
DNA damages, double strand breaks are considered the most lethal for cell survival. DNA 
double strand breaks are repaired by two major pathways, non-homologous end joining 
(most rapid repair) and homologous recombination (most accurate repair). RAD54 is a core 
factor in homologous recombination, which serves as a non-mutagenic DNA damage 
tolerance pathway that is well characterized in response to genotoxins. Proverbially, 
RAD54 serves like a Swiss Army Knife, required at every stage of homologous 
recombination, repair and chromatin remodeling in response to DNA damage caused by 
genotoxins and other classes of toxins. RAD54 is the most studied stress protein biomarker 
used to develop yeast bioreporters for environmental sensing (Cahill et al. 2004). 
1.3 CELL-BASED BIOSENSORS 
The information from functioning live cells is clearly more useful and reliable than those 
from cell-free preparations. The salient feature of a CBB is that it measures the actual 
amount of an analyte that is available for activity in the target site (bioavailability), not the 
total concentration of analyte (Bahl et al. 2004). CBB tests also allow dynamic studies, an 
important attribute for continuous environmental monitoring as compared to endpoint 
detection by ELISA and polymerase chain reaction. Since the year 2000, many efforts have 
been made to develop CBB technologies (Pancrazio et al. 2001; Stenger et al. 2001; Gu et 
al. 2004; Van der Meer et al. 2008; Banerjee et al 2009 and 2010; Xu et al. 2013). No 
doubt, mammalian CBB produces human-like functional response and prove an excellent 
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choice for developing screening device for environmental surveillance (Banerjee et al. 
2009). However, mammalian cells are fragile, as they have no cell wall and demand 
stringent growth conditions and maintenance. These characteristics are unfavorable for 
developing a robust environmental CBB, which is required in a field application, requiring 
long-term stability and an extended shelf life. Additionally, most mammalian CBB 
technologies are based on cellular electrical properties such as the electrical cell-substrate 
impedance sensor (ECIS), bioelectric recognition assay (BERA), field effect transistor 
sensor (FETs), or light addressable potentiometric sensor (LAPS) etc. CANARY (Cellular 
Analysis and Notification of Antigen Risks and Yields) is an ECIS-based biosensor 
technique that can detect < 50 pathogen particles in < 3 minutes (Rider, 2003; Brown 2004). 
While CANARY was the first and true “detect to protect” class of biosensors, its shelf life 
is normally limited to two days at room-temperature, although that can be extended to 2 
weeks with additional genetic engineering to over-express certain protective genes in the 
cells (Petrovick et al. 2010). Unlike mammalian cells and electric detection, the use of 
microbial cells and the optical detection technique to measure the functional response to 
toxins has great potential to be developed into a specific, robust and portable design for 
environmental application. 
Microbes are robust, easy to grow and modify genetically for use in the detection of toxins. 
Such cells contain two essential elements; a promoter gene that is turned on (transcribed) 
when a toxin is present, and a reporter gene that then produce a visible signal (Fig. 2).  
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Fig. 2: Schematic of bioreporter technology. A promoter/regulator gene responds to stress, 
which in turn results in transcription of a reporter gene that is then translated into visible 
reporter protein/enzyme. The accumulation of visible reporter enzyme is directly related to 
the stress levels (after Harms et al. 2006). 
Naturally occurring biomolecules such as DNA, protein, lipid and carbohydrates are 
thought to adapt to, or combat stress. These molecules are linked to genes that can be 
engineered and replaced with a label or marker. The engineered microbial cell is called a 
bioreporter, which is one of the most successful CBB technologies for environmental 
monitoring (Gu et al. 2004; Harms et al. 2006; Van der Meer et al. 2008; Xu et al. 2013).  
Since the first bioreporter employed prokaryotes (Bahl et al. 2004), bacteria have been the 
primary choice for this technology (Van der Meer et al. 2010), despite the considerable 
differences between compared to eukaryotes. 
Yeast, a single-celled eukaryote, is a better choice among microbes to develop a CBB 
(Baronian, 2004). The stress response elements (STRE)-regulated induction of proteins in 
response to stress is a well characterized mechanism, which is particularly well studied for 
oxidative stress conditions (Jamieson et al. 1998). Generation of reactive oxygen species 
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(ROS) by organisms in response to oxidants, such as peroxide (H2O2) and photochemical 
damage by UV radiation (when UV acts on O2 converting it to highly unstable O3 
molecules, ozone) are major stress and toxicity mechanisms. Several yeast bioreporters 
have been developed to study stress response (Terziyska et al. 2000; Afanassiev et al. 2000; 
Knight et al. 2002; Leskinsen et al. 2005; Bovee et al. 2007; Alonso et al. 2009). 
Bioreporters for intracellular detection of HSP70 and RAD54 stress proteins have been 
developed as portable sensors for environmental applications (La Terza et al. 2008 and 
Knight et al. 2004). A commercially developed assay, Green Screen Assay (Cahill et al. 
2004) uses a RAD54 promoter green fluorescent protein (GFP) reporter gene to measure 
cytotoxicity and genotoxicity (Jia et al. 2002), and to improve high throughput screening 
(Knight et al. 2002) and portability (Knight et al. 2004). The Green Screen Assay has been 
used for environmental and pharmaceutical applications. However, although, the yeast 
model has shown promising results and potential in academia, it is not widely accepted for 
commercial applications because of the required prolonged incubation with toxins (Harms 
et al. 2006). This is the major limitation towards the development of a rapid detect-to-
protect biosensor for environmental surveillance.    
1.4 LABEL-FREE CELL-BASED BIOSENSORS 
Label-free cell-based biosensor (LF-CBB) technologies have been developed and 
commercialized since 1990, when Biacore (now GE Healthcare) first introduced their 
surface plasmon resonance (SPR)-based instrument. There has been a lot of progress in 
LF-CBBs since then. Depending on the nature of the transducers, the successful LF-CBBs 
can be broadly divided into two categories, optical and electrical (Comley 2008; Harigan 
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et al. 2010; Fang 2011). Commercially available LF-optical CBB technologies including 
SPR and resonant waveguide grafting (RWG) and LF-electrical CBB are impedance-based 
detection systems (Fig. 3). 
 
Fig. 3: Mechanisms and examples of commercial label-free cell-based biosensors. Surface 
plasmon resonance (SPR) (a) and resonant waveguide grafting (RWG) (b) are optical 
sensors that use surface bound evanescent wave to characterize the alteration in refractive 
index (θ) generated by metal surfaces and leaky nano-grafting structures, respectively. 
Electrical cell-impedance sensors (ECIS) (c) are based on the impedance of the cell to 
current flow between and within the cell. The change in refractive index and the current is 
directly related to stress in the environment (after Fang 2011). 
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SPR and RWG use surface bound evanescent waves to characterize the alteration in the 
local refractive index at a sensor surface. Electromagnetic waves in SPR are generated by 
a metallic surface made of gold or silver (plasmonic metal nanoparticles, PMNPs) through 
plasmon resonance. In RWG, the electromagnetic waves are developed by the diffraction 
of broadband light through a leaky nano-grating structure. The change in refractive index 
in the case of optical sensors, and current in the case of electrical ones is directly related to 
the stress conditions in the environment that act on the cells. However, these sensors have 
not found widespread commercial success as compared to ELISA detection because of the 
several problems that are described by Comely (2008) and Hartigan (2010), which are 
listed below: 
1. Low sensitivity and selectivity 
2. High cost of the instruments and plates, which prohibit their applications for 
continuous environmental surveillance and primary screening 
3. Stringent growth conditions of mammalian cells do not allow the development of 
portable and/or wearable designs. 
These limitations have led to the continued search of new types of LF-CBB techniques that 
are ultra-sensitive, accurate, multiplex, portable and continuous. 
1.5 RAMAN SPECTROSCOPY AND SURFACE-ENHANCED RAMAN 
SPECTROSCOPY (RS AND SERS) 
Raman spectroscopy (RS) is an optical-based sensing technology, which is used to observe 
light scattering from the sample with energy different from the incident light (Fig.4). 
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Fig. 4: Schematic of various interactions of a molecule with monochromatic light. 
Unlabeled arrows indicate other types of scattering, known such as Thompson scattering 
and Compton scattering, and unknown (after Ansari 2008). 
Most of the incident photons are transmitted, although some of the photons are absorbed 
or scattered in different directions. The majority of the scattered light has the same energy 
as the incident light (elastic scattering). However, a small amount (1 photon per 108-1010 
incident photons) is in-elastically scattered, which is the basis of RS. RS produces rich and 
narrow spectral peaks as compared to fluorescence spectroscopy, which are based on light 
absorption and produces few and broad peaks (Fig. 5). 
                          
                           Fig. 5: Raman vs. fluorescence spectrum (after Ansari 2008). 
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Raman signals are often weaker and accompanied by fluorescence, which interfere with 
the desired Raman signals. To address this limitation, several modified techniques have 
been developed to enhance Raman signals, such as resonance Raman scattering (RRS), 
hyper Raman scattering (HRS) and surface-enhanced Raman scattering (SERS). The cross-
section area of different types of spectroscopy is directly related to its sensitivity. SERS 
has the highest cross section area among all RS types, comparable to fluorescence 
spectroscopy (Table 1).  
Table 1: Raman cross-section areas of different types of Raman spectroscopy (RS) 
compared to fluorescence spectroscopy (Kneipp et al. 2002). 
Type of Spectroscopy Raman Cross Section (cm2/molecule) 
Normal/ Spontaneous RS 10-31 – 10-29 
Resonant RS 10-27 – 10-25 
Surface Enhanced RS 10-16  
Fluorescence  10-16 – 10-17  
 
In the mid-1970s, it was first reported that the intensity of the Raman scattering for a 
molecule might be dramatically increased when the analyte is in close proximity to 
colloidal metal NPs or rough metal surfaces with SPR properties, a phenomenon called 
Surface-Enhanced Raman Scattering or SERS (Fleischm et al. 1974; Jeanmaire et al. 1977). 
The enhancement factor in SERS can be on the order of 1014–1015, allowing the detection 
of a single molecule, once considered unthinkable (Kneipp et al. 1997; Doering et al. 2002). 
The sensitivity of RS in the presence of plasmonic metal nanoparticles can equal or exceed 
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fluorescence sensitivity (Rossi et al. 2005; Lutz et al. 2008). SERS can be performed 
without labels (label-free) as well as by employing labels (label-based), using Raman 
reporters such as crystal violet, cresyl violet, Rose Bengal, rhodamine6G and p-
mercaptobenzoic acid. These Raman reporters are non-fluorescent and when attached to 
SERS NPs gives sharper Raman spectral peaks. Several researchers have decorated pH-
sensitive Raman reporters on SERS substrates to create cellular maps with a pH range of 
2-8 (Kneipp et al. 2007; Wang et al. 2008). Such information can be very useful to study 
the cellular response to various environmental stressors. Undoubtedly, Raman reporters 
can facilitate SERS detection of multiple analytes (Maltzahn et al. 2009). However, SERS 
signal intensity of Raman reporters or dyes is significantly attenuated in protein/dye 
mixtures and conjugates, a major limitation of label-based SERS immunosensing (Zhang 
et al. 2009).  In label-free detection the analyte is either directly applied to the SERS 
substrate (Au/Ag) or is captured and immobilized by specific interactions with antibodies, 
aptamers or related molecules. Much research has been devoted to develop label-free SERS 
sensors (Pal et al. 2006; Qi et al. 2007; Stokes et al. 2008; Lin et al. 2008). 
The application of RS/SERS towards development of CBB (Notingher et al. 2006, 
Notingher 2007; Chan et al. 2008; Han et al. 2009) and detection of cellular components 
such as nucleic acids (Cao et al. 2002; Pal et a. 2006; Vo-Dinh et al. 2002; Culha et al. 
2003; Wabuyele et al. 2005; Fabris et al. 2007) proteins and amino acids (Grubisha et al. 
2003; Tuma 2005; Jun et al. 2007; Li et al. 2008; Lutz et al. 2008; Culha 2012) and lipids 
(Nan et al. 2006; Wang et al. 2008) has been reviewed.  DNA and protein arrays for 
simultaneous detection of multiple analytes also have been reported (Cao et al. 2002; Jun 
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et al. 2007). However, there is no CBB for the detection of specific proteins using 
intracellular SERS immunosensing. 
1.6 SERS SUBSTRATES 
Plasmonic metal nanoparticles (PMNPs) such as Au and Ag exhibit strong scattering and 
robust photo stability to generate intense and stable Raman signals compared to QDs and 
fluorescence dyes/materials (Ansari 2008). Scattering of a single 80 nm PMNP can be as 
bright as the fluorescence of 105 QDs or 103 dye-doped beads of 100-nm diameter (Ansari 
2008; Schultz et al. 2000). Like QDs, PMNPs can also be size-tuned for emission of 
specific color wavelengths (Fig. 6a, Stamplecoskie et al. 2011,). Their optical properties 
strongly depend on type of material, size, shape and other physio-chemical properties (Fig. 
6b, Mulvanev 1996; Oldenberg et al. 1998; Lazarides et al. 2000; Mock et al. 2002; Lee et 
al. 2006 and Prathna et al. 2011). Spherical NP of 50-60 nm diameter is the optimal size 
for high SERS intensity (Fig. 6c, Stamplecoskie et al. 2011) and cell uptake (Fig. 6d, 
Chithrani et al. 2006). Interestingly, Ag NP exhibits much higher scattering property than 
Au NP of similar shape and size, which makes Ag NP a better SERS substrate over Au NP 
(Kerker 1987 and Lee et al. 2006). 
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Fig. 6: Size dependent Ag NPs properties. Ag NPs UV-Vis absobance maximum shifts to 
higher wavelength, with increasing size (a) and increasing pH (b). SERS signal intensity 
of rhodamine 6G at 1365 cm-1 as a function of Ag NPs size (c) and cell uptake as a function 
of Au NPs size (d). Black line indicates best curve fit and the green line is the polynomial 
fit to the data points (c), to guide readers’ eyes to easily observe the trend in SERS intensity 
w.r.t. Ag NPs size. Red and blue data points (c) correspond to two completely different 
batches of Ag NPs measured one year apart. 50-60 nm is the optimal size for high SERS 
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sensitivity and cell uptake  (a and c are after Stamplecoskie et al. 2011; b after Prathna et 
al. 2011 and d after Chithrani et al. 2006). 
Au and Ag NPs are used as PMNPs because they can induce SPR at visible excitation 
wavelengths (400-700 nm), which are commonly used for biological detection and imaging 
(Lee et al. 2006). Since the discovery of the SERS technology, researchers have been 
attempting to develop a SERS substrate that is biologically compatible and can be used 
within a single cell. Although the methods of synthesizing Au and Ag NPs are well known, 
their toxicity and rapid aggregation in buffer and culture media is a concern (Turkevich et 
al. 1951; Frens 1973; Lee et al. 1982; Ansari, 2008). Therefore, they must be coated with 
nontoxic organic compounds (Yu, 2001; Su, 2005; Wei, 2007; Kumar, 2008; Liu, 2010; 
Li, 2012; Potara, 2012) with little or no Raman background. Each metallic SERS substrate 
has its own advantages and disadvantages in developing biosensors. However, Au is 
reported to be more compatible for biological applications compared to Ag, but to have 
less SERS potential (Kerker 1987; Lee et al. 2006). Different shapes/architectures of Au 
and Ag have been developed to increase compatibility and/or SERS signals (Pande et al. 
2007; Kumar, 2012).  
Advances in nanotechnology have generated many nanomaterials that are being engineered 
for diagnosis and therapeutic applications. To fully realize their potential in physiological 
systems they must reach their sub-cellular targets with high efficiency and specificity. 
Indeed, such intracellular delivery of SERS sensors to live cells is necessary for continuous 
and dynamic monitoring of their responses to environmental toxins. Physical and chemical 
properties including surface charge, polarization and other functionalities at the surface 
primarily govern the delivery efficiency, while the inclusion of targeting ligands such as 
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antibodies, aptamers and DNA strands confer specificity. The ideal composition of the 
sensor depends on the application. For intracellular applications of NPs, efficient delivery 
to the site of interest (mostly intracellular organelles) is a prerequisite. Any cell, 
microbial or animal, expresses a very large number of specific protein molecules 
in response to stress, toxin or disease conditions. The most widely studied 
biomarkers include CASP, HSP, RAD and several others, are in range of 103 to 
106 molecules per cell (yeast to animal cell, respectively) as baseline levels. A 
typical charge-driven passive diffusion has three limiting steps including slow 
endocytosis, entrapment in endosomes and little or no movement through dense cytoplasm 
into target organelles. Therefore, passive diffusion technically fails to efficiently deliver 
high payload with uniform intracellular distribution of sensor molecules required for 
intracellular immunosensing.  Most charge-driven uptake of NP is through receptor-
mediated endocytosis, which is slow but can be increased by ligands attached to the NP 
(Wadia et al. 2004; Ye et al. 2012). After internalization, depending on the different modes 
of endocytosis, NPs can be exocytosed or the endosome can undergo internal rupture and 
release of cargo to organelles (Fig. 7). 
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Fig. 7: Three limiting steps in efficient delivery of NPs for intracellular applications. First, 
endocytosis of NPs through cellular membrane occurs by different mechanisms based on 
the property of the cell and the NPs. Second, encasing of internalized NPs in small 
endosomal vesicles, which grow and fuse with lysosome (endocytic pathway), followed by 
sorting of the NPs and their exocytosis or entrapment. Third, rupture release of NPs from 
endo-lysosomes results in their passage to cellular organelles (after Chou et al. 2011). 
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The presence of the cell-wall in yeast and other microbial cells as compared to mammalian 
cells represents an additional barrier that makes the intracellular delivery of cargo very 
challenging. Several techniques that ameliorate this problem involve active, facilitated and 
passive delivery. Active techniques include electroporation, bombardment using 
microprojectiles, and microinjection (Hashimoto et al. 1985; Johnston et al. 1988; Riveline 
et al. 2009). However, these techniques are primarily designed and tested to deliver DNA 
(transformation). Facilitated uptake by conjugation of cationic polymers (Yezhelyev et al. 
2008; Kievit et al. 2009), cell permeability peptides (Stewart et al. 2008; Heitz et al. 2009), 
or ligands, including transferrin (Choi et al. 2010), RGD (Oba et al. 2008) and folic acid 
(Bharali et al. 2005) have all been reported to increase NP uptake. 
TATHA2, a combination of two viral peptides, has emerged to be one of the best ligand-
facilitated approaches to confer efficient delivery of NPs into cells (Wadia et al. 2004; 
Kumar et al. 2007; Kumar et al. 2008; Ye et al. 2012). TAT stands for “trans-activator of 
transcription”, a regulatory protein encoded by TAT gene in HIV-1 virus, and the HA 
stands for “hemagglutinin”, a glycoprotein present on influenza virus’s surface. The 
mechanism of internalization (macropinocytosis) and lack of toxicity of TATHA2 have 
been established (Wadia et al. 2004; Ye et al. 2012). TATHA2-mediated intracellular 
delivery is a lipid raft-dependent form of micropinocytosis that facilitates uptake of NPs 
by a receptor-and energy-independent mechanism (Wadia et al. 2004; Ye et al. 2012; Herce 
et al. 2014). By contrast, receptor- and energy-dependent endocytosis is slow and typical 
of charge-driven cellular uptake of NPs (Chithrani et al. 2006; Yen et al. 2009; Cho et al. 
2010). The fundamental mechanism of TATHA2-mediated uptake of NPs is proposed to 
be universal among cells from different species and kingdoms (Herce et al. 2014; Wadia 
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et al. 2004). Briefly, cellular internalization is facilitated by a TAT moiety, which is a very 
rapid process (an hour or less), while endosomal rupture release is controlled by the HA2 
moiety, a rate limiting step that can take up to several hours (Wadia et al. 2004). Like any 
other cell penetrating peptides, TAT is rich in highly cationic arginine molecules, which 
have a high binding affinity to deprotonated fatty acid chains that are abundant in plasma 
membrane. The TAT-fatty acid complex inserts and nucleates a channel in the plasma 
membrane leading to cellular internalization of NPs and concurrent protonation of fatty 
acid chains, which are available to repeat the next cycle. Besides the plasma membrane, 
the endosome plays a vital role in cellular uptake because most NPs, including those that 
are TAT functionalized, are entrapped by this structure. However, HA2 moieties are able 
to protonate the endosome (macropinosome) in TATHA2-mediated delivery. This results 
in conformational changes in the α-helix of the HA2 hydrophobic face to increase the 
lateral pressure and surface tension, resulting in endosomal rupture release of the NPs (Ye 
et al. 2012). 
There are very few reports on delivery of Au and Ag NPs in living cells by TATHA2 
facilitated delivery and electroporation, respectively (Kumar 2008; Lin et al. 2009; Yu et 
al. 2011; Yuan et al. 2012). Single 18-nm Au NP is functionalized with ~ nine MAbs for 
targeting and TATHA2 delivery peptides towards intracellular sensing (Sonia et al. 2008). 
The relationship between size of NP and the number of MAbs can be extrapolated to 
estimate the number of 60-nm SERS substrate required to detect a given number of protein 
molecules expressed by a single cell, protein to MAb ratio is 1:1. Accordingly, for 
intracellular detection of 5x104 protein molecules inside yeast, roughly 4000 60-nm SERS 
sensor molecules with preferentially uniform intracellular distribution are estimated to be 
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required. Additionally, proteins such as RAD54, which are abundant in the cytosol and 
nucleus, ~7000 molecules in yeast (Mazin et al 2010) will require at least 4000 sensor 
molecules to be internalized into a single yeast cell. To estimate the number of Au NPs, a 
mild iodine/potassium iodide (I2/KI) solution can be used to selectively etch the Au NPs, 
removing Au NPs exclusively from the cell surface and not the internalized, without 
leading to any significant toxicity and change in cell morphology (Cho et al. 2009). 
Advantages and disadvantages of intracellular delivery techniques in the context to 
development of a SERS CBB are tabulated (Table 2). 
Table 2: Comparison of three types of strategies to deliver NPs inside cells. 
Property        Passive         Active       Facilitated 
 
Basis 
Uptake relies on 
inherent 
physicochemical 
properties of SERS 
substrate without any 
cell alteration 
Direct manipulation 
of cell by making 
holes or creating 
pores using physical 
methods including 
microinjection or 
electroporation  
Decorating the 
SERS substrate 
with functional 
molecules; 
biological or 
chemicals) 
without cell 
manipulation 
 
Damage 
 
            Little/none 
High as the 
techniques involve 
cell manipulation 
 
     Little/none 
 
Time 
needed for 
delivery 
 
Several hours (12-24 
hours) 
1-60 min depending 
on type and number of 
repetitions  
    
     1-6 hrs 
Number of 
cells treated 
per expt. 
 
           Billions 
 
     Thousands 
 
     Billions 
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Extra cost 
and labor 
 
             None 
 
$Thousands one-time 
investment to buy 
instrument, and some 
labor  
Higher cost of 
proteins and 
more labor 
required for 
conjugation of 
ligand. 
Intracellular 
distribution 
 
Endosomal entrapment 
 
Primarily in cytosol, 
may or may not reach 
organelles 
 
Uniformly 
distributed 
within cell to 
cytosol and 
organelles 
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CHAPTER 2 STATEMENT OF RESEARCH, OBJECTIVE, HYPOTHESES & 
SPECIFIC AIMS 
2.1 STATEMENT OF RESEARCH 
Almost all current biosensor technologies detect the molecule of interest using exogenous 
or endogenous labels. Those inside the cell include bioreporters, whereas the typical 
extracellular technique is ELISA. However, these techniques present several limitations, 
discussed in chapter one. Most noteworthy, the label-based design introduces uncertainty 
in detection due to indirect measurement of the signals from the label-conjugated analyte, 
wherein the intensity of the label is measured and not the analyte. In addition, a cell-free 
detection has inherent limitation of end-point measurement, which requires lysing the cell 
to extract analyte concentration 
To overcome these limitations, I developed a SERS immunosensor for extracellular 
detection of proteins expressed by yeast in response to potential TICs and CWAs. The 
SERS immunosensor fulfilled the critical attributes of a RISE detect-to-protect class of 
biosensor for environmental surveillance that can be used in resource-limited settings. 
2.2 OBJECTIVE AND HYPOTHESES 
The objective of the project was to design a SERS immunosensor, compare its sensing 
attributes with industry-standard ELISA technique, and develop a proof-of-concept 
prototype microchip design for applications in environmental surveillance. The following 
hypotheses were tested to meet the objective: 
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H1: The SERS immunosensor prepared using Ag NPs will outperform ELISA in the 
extracellular detection of the stress proteins, RAD54 and HSP70 by allowing label-free 
detection with sensitivity ≥ ELISA and turnaround time < 2 hours.  
H2: The SERS sensor will be efficiently delivered intracellularly with uptake of > 4000 
sensor molecules/cell within 12 hours towards development of a SERS immunosensor for 
intracellular detection. 
2.3 SPECIFIC AIMS 
Below is a list of specific aims to test the two hypotheses. Please refer to chapter 3 for 
details on methodology and the subsequent chapters for the results and summary of each. 
Almost all results on the specific aims have been published (Bhardwaj et al. 2013, 
Bhardwaj et al. Analyst 2015; Bhardwaj et al. SPIE 2015). Written permissions have been 
obtained from the journal editors to use the content of my publications. Please see 
appendices for the permission emails. 
2.3.1. Specific aim#1: Extracellular detection of stress proteins using ELISA 
2.3.2. Specific aim#2: Fabrication of colloidal SERS sensor 
2.3.3. Specific aim#3: Extracellular detection of stress protein using SERS sensor aka 
SLISA 
2.3.4. Specific aim#4: Efficient intracellular delivery and detection using SERS sensor 
2.3.5. Specific aim#5: A case study: on-chip SLISA. 
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CHAPTER 3 MATERIALS AND METHODS 
3.1 MATERIALS AND METYHODS FOR EXTRACELLULAR DETECTION OF 
STRESS PROTEINS USING ELISA 
3.1.1 YEAST GROWTH 
The culturing and handling of yeast was adapted from standard protocols (Clontech 2009; 
MacDonald et al. 2001). Briefly, the dehydrated YPD broth and YPD Agar (Sigma Aldrich 
USA) were dissolved in de-ionized (DI) water, 50 g/l and 65 g/l, respectively and sterilized 
using Barnstead SterileMax Sterilizer for 15 minutes at 1 bar and 121 °C. The 20 µl 
inoculum/10 ml YPD broth were added and incubated for ~ 3 days in shaker incubator 
(VWR USA) 30 °C and 150-200 rpm. For growth on solid YPD agar media the cell 
inoculum was spread over the solidified agar plates using a sterilized loop (Sigma Aldrich 
USA). The plates were inverted and incubated at 30 °C for 3-5 days to allow full 
development of colonies. The stock liquid and solid cultures were stored at 4 °C, and 
remained good for a few months. The number of cells in the culture was determined using 
absorbance at 600 nm measured using a CaryWinUV spectrophotometer (Varian/Agilent 
Technologies, Switzerland). Cell density was calculated by the Beer-Lambert equation 
(Von der Haar 2007) and confirmed using a hemocytometer and agar colony counts. The 
log phase densities of yeast culture is typically 106-108 cells/ml; early log phase (< 107), 
mid log phase (1 to 5x107) and late log phase (> 5x107). 
3.1.2 TOXINS EXPOSURE 
The cells in log phase (107 cells/ml) were harvested and exposed to UV radiation using a 
handheld UV lamp (UVP LLC USA), and hydrogen peroxide (H2O2) (Sigma Aldrich 
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USA). One ml culture of yeast was exposed to 3 incremental doses of each toxin and H2O2 
at concentrations of 5, 50 and 500 mM for 60 minutes and UV A, B and C (365, 302 and 
254 nm, respectively) for 15 minutes. 
3.1.3 CELL LYSIS 
The cells exposed to toxins and those not exposed (controls) were washed twice with 
phosphate buffer saline (PBS) and lysed using a yeast-protein extraction reagent (Y-PER) 
(Thermo Fisher Scientific USA), in a mild lysing buffer, following manufacturer’s 
instructions (appendix I). Briefly, the cell pellet was incubated with 1 ml. Y-PER in the 
presence of 10 µl protease inhibitor cocktail (Sigma Aldrich USA) for 20 minutes at room 
temperature with intermittent agitation, followed by collection of supernatant after 
centrifugation at 14,000 g for 10 minutes (model 5415C, Eppendorf USA). The quality of 
protein extraction was validated by scanning for maximum UV absorption in range 200-
400 nm (Marenchino et al. 2009). 
3.1.4 TOTAL PROTEIN ESTIMATION 
The quantity of total protein in the extract was estimated using a commercial BCA kit 
(Thermo Fisher Scientific USA), following manufacturer’s instructions. Briefly, 25 µl of 
standard (BSA), sample (cell-extract) and blanks (the diluent and lysing buffer) were 
loaded in duplicate in 96 well-plates. The 200 µl of the BCA reagent was added, mixed, 
and incubated for 30 minutes at 30°C in an Enviro-Genei (Thomas Scientific, USA). A 
micro plate reader (Synergy HT from BioTek USA) was employed to determine 
absorbance at 562 nm, followed by average blank subtraction, standard curve preparation, 
and subsequent determination of protein concentration. Please see chapter 4, section 4.3 
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for brief information and the instruction manual in the appendix II for detailed information 
on principle of the BCA assay. 
3.1.5 SPECIFIC STRESS PROTEIN ESTIMATION 
The specific proteins, RAD54 (Cedarlane Laboratories, Inc. USA) and HSP70 (Thermo 
Fisher Scientific Inc. USA) were quantified in yeast extract using commercial ELISA assay 
kits, following manufacturer’s instructions. Brief information on the general principles of 
all ELISA kits used in the study is reported below. Please see the instructional manual for 
detailed information on the individual ELISA kits, appendix IIIa for RAD54 and appendix 
IIIb for HSP70. 
ELISA 
Proteins were detected using the standard sandwich ELISA kit/technique. Briefly, 100 µl 
of standard, sample and blank were loaded in duplicate in the micro titre plate supplied in 
the kit with wells pre-coated with monoclonal antibody (MAb) specific to the protein being 
detected, and incubated for 2 hours at 37°C. The preparation was then aspirated and several 
detection reagents were added: biotin-conjugated polyclonal antibody (PAb) for 1 hour, 
avidin-conjugated horseradish peroxidase for 30 minutes, chromogen substrate solution for 
20 minutes, and finally a stop solution, usually sulphuric acid. The absorbance was 
measured at 450 nm using a Bio Tek micro plate reader, followed by the determination of 
specific protein concentration from a standard curve. ELISA assay required ~ 6 hours. 
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* Please refer to the instruction manuals, appendix I-III, of the commercial kits used in 
the study for details on principles and protocols. Certificates of Analysis of the products 
are available online. 
3.2 MATERIALS AND METHODS FOR FABRICATION OF COLLOIDAL SERS 
SENSOR 
3.2.1 SYNTHESIS OF COLLOIDAL SERS SUBSTRATES 
Two widely used SERS substrates, colloidal Au and Ag NPs were prepared by the single-
step citrate reduction of their salts, gold (III) chloride trihydrate or sliver nitrate, 
respectively (Sigma Aldrich USA) (Lee et al. 1982) with some modifications to mitigate 
particle-specific toxicity (Xiu et al. 2012; Levard et al. 2012; Bondarenko et al. 2013). 
Briefly, 1% trisodium citrate dehydrate (Sigma Aldrich USA) was added rapidly while 
stirring to a boiling solution of either 1 mM Au or Ag salt solution that was cooled to room 
temperature after reaching wine-red (Au) or yellow-greenish (Ag) color. The parameters 
affecting transformation of NPs to ions by oxidation and dissolution were controlled at the 
time of synthesis and storage to mitigate NP-specific toxicity. All glass materials were 
washed with aqua regia prepared by mixing hydrochloric acid and nitric acid (Sigma 
Aldrich USA) in three parts to one, followed by DI water and were then oven-dried. 
Ultrapure DI water was used for preparing all solutions. Exposure of NPs to light, cold 
temperature and centrifugation was minimized. 
3.2.2 PHYSICAL CHARACTERIZATION OF SERS SUBSTRATES 
The size, shape, distribution, surface charge and concentration of colloids was determined 
using state-of-the-art analytical instruments; a UV-Vis spectrophotometer (Cary Varian, 
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Agilent Technologies, USA) a laser Doppler micro-electrophoretic analyzer (Zetasizer 
nano-ZS, Malvern, UK), a transmission electron microscope (TEM CM200, Philips, 
Netherlands) and an inductively coupled plasma mass spectrometer (ICP-MS ELAN DRC-
II, PerkinElmer, USA). 
3.2.3 SELECTION OF ACTIVE SERS SUBSTRATE 
The SERS potential/activity of Au and Ag NPs was evaluated using Rhodamine 6G (R6G) 
(Sigma Aldrich USA) as a probe molecule. The average SERS enhancement factor (EF) 
was calculated using a simple equation (Payne et al. 2005): 
EF = (Nvol/Isurf).(Nsurf/Ivol) 
Nvol and Nsurf indicate the number of probe molecules in the aqueous sample volume and 
on the surface of the SERS substrate, respectively. Ivol and Isurf are the corresponding 
Raman and SERS intensities. The R6G characteristic peak at 1503cm-1 and the footprint 
area Å was considered for the calculation of EF. Ag NPs showed significantly higher 
activity than Au NPs and therefore, Ag NP substrate was used for the fabrication of SERS 
immunosensors as described in the following section. 
3.2.4 FABRICATION OF SERS SENSOR 
The MAbs for RAD54 and HSP70 (Abcam Plc USA) were conjugated to Ag NPs via a 
bifunctional mercapto-methyl-thiazoleacetic acid linker (MMT Lk) from Sigma Aldrich 
USA using standard carbodiimide chemistry using a protocol adapted from a previous 
report (Li et al. 2006). The reported protocol was modified to increase yield and stability 
by following a reported MAbs-to-MMT-to-Ag NPs conjugation methodology (Kumar et 
al. 2007). Briefly, the MMT Lk (10 µl, 10 mM prepared in 15% ethanol) activated with a 
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carbodiimide-N-hydroxysuccinimide reagent was mixed with 10 µg MAbs for 1 hr at room 
temperature with intermittent mixing. The MMT-MAbs solution was passed through an 
Amico ultracentrifugal filter units of molecular weight cut off 10 KDa (Sigma Aldrich 
USA) by centrifugation. The conjugate was mixed with 1 ml Ag NP colloids (roughly 
7x1010 NPs per ml) for 1 hr. Two blocking agents from Sigma Aldrich USA, mPEGSH 
(methoxy-poly-ethylene-glycol-sulfhydryl) for primary blocking and BSA’s FAFGF 
(bovine serum albumin fatty-acid free and globulin-free) preparation for secondary 
blocking were sequentially added and incubated for 20 minutes each, followed by a single 
centrifugation at 2500g for 20 minutes. This produced the MAbs-Ag NP immunosensor. 
Sensors with targeting MAbs for RAD54 and HSP70 is expected to diffuse passively and 
exhibit slow and poor cell uptake. Therefore, to achieve efficient intracellular uptake, a 
fusogenic delivery peptide with cell permeability and endosomal rupture-release 
properties, TATHA2 from AnaSpec Eurogentec USA, was conjugated to the Ag NPs. For 
synthesis of the SERS immunosensor with targeting as well as delivery peptides, an equal 
ratio of MAbs for targeting and delivery was used, and TATHA2 was added prior to the 
blocking agents. 
3.2.5 CHARACTERIZATION OF SERS SENSOR 
Besides physical characterization, similar to the SERS substrate mentioned in 3.2.4, the 
immunosensor was also chemically characterized for the conjugation at each step using a 
Raman spectro-microscope. A drop of sample at each conjugation step was air-dried on a 
microscope slide and the Raman spectra were acquired. The methodology for Raman 
instrumentation and analysis is reported separately in section 3.3.2. 
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3.2.6 SELECTIVITY TESTING OF SERS SENSOR 
The selectivity of the SERS immunosensor was tested by measuring standard proteins in 
pure solution (direct SERS by adsorbing proteins on the Ag NPs) and in mixture with R6G. 
Clearly delineated peak/s characteristic of proteins were used for their quantification. 
3.3 MATERIALS AND METHODS FOR EXTRACELLULAR DETECTION OF 
STRESS PROTEINS USING SERS SENSOR AKA SLISA 
3.3.1 SERS INSTRUMENTATION AND MEASUREMENT 
The RamanStation 400F uses an excitation laser source of 785 nm wavelength, average 
power of 100 mW at the sample and a spot size of 100 microns under Raman spectroscope 
Built-in Spectrum software was used for processing the spectra, including baseline 
correction, normalization, background subtraction, peak assignment and resolution. All 
spectra were acquired using a laser exposure time of 5-10 seconds (5 acquisitions of 1-2 
seconds each). The Raman microscope was used for low sample volumes and chemical 
characterization of the SERS sensor. A drop of sample was placed on a pre-cleaned glass 
slide and manually focused under a 20x objective, scanning the sample from center to the 
edge. The Raman spectroscope was used for high throughput screening of the sample. 200 
µl of sample volume was loaded in a glass bottom well plate in duplicate and analyzed at 
three different spots per sample (2x3 spectra for each sample) to obtain a mean intensity of 
the Raman peaks. The experiment was repeated three times (n=3). The intra- and inter-
batch variation in intensity of the Raman peaks was reported as the mean ± S.D. to assess 
reproducibility (Malvaney et al. 2003). 
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3.3.2 ESTIMATION OF PROTEINS 
Yeast was grown to 107 cells/ml and exposed to incremental doses of stress toxins, H2O2 
at 5, 50 and 500 mM for 60 minutes, and UV A, B and C for 15 minutes. The cells were 
then lysed using mild Y-PER, reported in section 3.1.3. To detect RAD54 and HSP70 
proteins, 10 µl cell lysate was incubated with SERS immunosensor for 90 minutes to allow 
ample time for interaction between antigen and antibody, followed by SERS measurement. 
The yield of specific proteins was calculated from the SERS calibration curves of standard 
proteins. 
3.3.3 COMPARISON OF TWO SENSORS, ELISA VS. SLISA 
The performance of SLISA was compared to industry-standard ELISA in terms of RISE 
detection. Other sensor attributes, including the limit of detection (LOD), correlation 
coefficient (R2), reproducibility etc. were also compared. 
3.4 MATERIALS AND METHODS FOR INTRACELLULAR DELIVERY AND 
DETECTION USING SERS SENSOR 
3.4.1 CELLULAR TOXICITY STUDIES 
SERS substrates and sensors were incubated with yeast normalized to 105 Ag NPs per cell. 
The growth inhibition effect of Ag NPs was studied using nanoparticle concentrations of 
1, 10 and 100 ppm for 3, 6 and 12 hours. The cell mortality was determined by agar plating, 
and growth inhibition was assessed by optical density at 600 nm and dye exclusion assay 
using trypan blue from Sigma Aldrich USA (Almeida et al. 2008; Xiu et al. 2012). The 
silver ions (Ag+) and chitosan nanoparticles (80-200 nm, prepared using ionic gelation 
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method reported by Janes et al. 2001) were included in the study as positive and negative 
controls, as they are well characterized for their cytotoxicity and biocompatibility 
properties, respectively. Electroporation apparatus and the cuvettes from Bio RAD USA, 
designed especially for yeast was used to test the cytotoxicity effect of 
active/electroporation-mediated intracellular delivery of Ag NPs (Lin et al. 2009; Yu et al. 
2011). Almost every possible parameter (electric field strength, pulse duration and pattern, 
temperature and electroporation media) was investigated to identify the least toxic 
electroporation settings. Cellular morphological damage in response to electroporation was 
assessed using SEM and toxicity by colony formation assay.  Electroporation exhibited 
high toxicity even at the lowest achievable electric field strength (E) and time (1 ms) and 
was therefore determined to not be a good choice towards development of a SERS 
immunosensor for intracellular detection, and was not investigated for cell uptake. 
3.4.2 CELLULAR UPTAKE STUDIES 
The number of Ag NPs and their localization after intracellular delivery via passive and 
TATHA2-faciliated diffusion was estimated by ICP-MS and in situ by TEM, respectively 
(Cho et al. 2009; 2010; Zhu et al. 2008; Sen et al. 2011). The cells were lysed to release 
the Ag NPs, and were then dissolved by acid digestion to Ag+ and measured using ICP-
MS. The cells were thin-sectioned (25-50 nm thick) using a Porter-Blum MT-1 
Ultramicrotome (DuPont-Sorvall USA) and a diamond knife (DDK USA) to observe the 
intracellular distribution of Ag NPs using TEM. The intracellular Ag NPs localization and 
yield was estimated after selective removal of Ag NPs from the cell surface using a mild 
I2/KI etching procedure and validated by SEM 6330F (Jeol USA) (Cho et al. 2009; 2010). 
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The TATHA2 mediated delivery method was able to efficiently deliver Ag NPs into yeast 
cells and was therefore considered further for intracellular detection to test the feasibility 
of CBB-SIST. 
3.4.3 SENSOR STABILITY AND INTRACELLULAR DETECTION 
SERS immunosensor with targeting and delivery peptides were incubated with cells (CBB) 
for 3, 6 and 12 hrs at room temperature, followed by three washings with PBS using 
centrifugation (Kumar et al. 2007 and 2008). The SERS immunosensor and CBB were 
tested for stability and the intracellular signals of the nano-bioconjugate using a Raman 
spectro-microscope. 
3.5 MATERIALS AND METHODS FOR A CASE STUDY 
3.5.1 FABRICATION OF A PROTOTYPE MICROCHIP 
Polymethyl methacrylate, common name plexiglass, from McMaster-Carr, Inc., Atlanta, 
GA, USA, was used to fabricate the microchip (2x3 wells). The dimensions of the 
microchip were 30.5x25.5x1 mm (LxWxH) with a 3 mm step around the perimeter of 
the top to fit a lid and a 1 mm step at the bottom to accommodate a commercial 
microscope coverslip (30x25 mm). 
3.5.2 ON-CHIP SLISA: A CASE STUDY 
Yeast cells grown in YPD were harvested in early saturation phase of growth and 
distributed into the first row of the microchip (A1 through A3, Figure 8), covered with a 
plexiglass lid, and stored as slurries of 107 cells at 4°C until use. 
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Fig. 8: Microchip Design. 
H2O2 was added to experimental wells and DI water to the control well. A single-time 
multiple-dose study employed peroxide concentrations of 5,  50 and 500 mM for 60 
minutes. Y-PER supplemented with protease inhibitor cocktail was added to the cells and 
incubated for 20 minutes at RT. The supernatant (cell extract) was transferred using an 
ultrafine pipette tip in to the second row of wells (B1 through B3) and incubated with 
the colloidal SERS immunosensor for RAD54 SERS detection by incubating for 90 
minutes at RT. The H2O2-RAD54 dose-response relationship was translated to a three-tiered 
scheme of toxicity established by the US EPA 
(http://www.epa.gov/oppt/aegl/pubs/humanhealth.htm), Immediately Dangerous to Life 
and Health concentrations (IDLHs). Three-tiered toxicity guideline levels are intended to 
describe the risk of chemical toxins to human health. 
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CHAPTER 4 EXTRACELLULAR DETECTION OF STRESS PROTEINS USING 
ELISA 
The purpose of this chapter is to determine levels of stress biomarker proteins, normalized 
to yeast cell number and total protein concentration, in response to toxins using industry-
standard techniques/kits (specific aim 1). Total protein concentration was determined using 
BCA (Bicinchoninic acid) followed by ELISA for the detection of specific proteins. This 
work has been published in a full-length research article in Journal of Biosensor & 
Bioelectronics (Bhardwaj et al. 2013). Written permission (e-mail) to use publication 
content in my dissertation has been obtained from the editor of the journal and a copy of 
the e-mail is incorporated in the appendix IV. 
Materials and methods for this specific aim#1 are discussed in chapter III, section 3.1. 
4.1 DETERMINATION OF CELL CONCENTRATION 
The concentration of yeast growing in cell culture media was estimated by three standard 
microbiological methods: 
(i) Indirect spectrophotometric/turbid-metric method: absorbance (A600 nm), 
converted to cell number/volume using the Beer-Lambert equation:  
(ii) Direct method (cell counting in hemocytometer chamber): 
(iii) Direct method (colony count using agar plating): 
Method iii gives the concentration of viable cells as they form colonies, but such cell 
clusters take 3-4 days to develop, and therefore was not used for regular practice unless 
otherwise mentioned.. Spectrophotometric and hemocytometric methods on the other hand 
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rapidly determine concentration and were employed for regular cell concentration 
determination. 
4.2 PURITY ANALYSIS OF PROTEINS IN CELL EXTRACT 
The yeast cell extract had pure proteins, as evident from maximum absorption ~ 280 nm 
and the absorbance ratio 260/280 = 0.64 (Fig. 9), which is comparable to previous work 
(Marenchino et al. 2009). 
 
Fig. 9: Absorption spectra of supernatant after cell lysis. Protein characteristic peak 
maxima around 280 nm and absorption ratio 260/280 nm = 0.5503/0.8534 = 0.64. 
 
4.3 ESTIMATION OF TOTAL PROTEIN 
The bicinchoninic acid (BCA) assay is a biochemical colorimetric assay to determine total 
protein concentration in a solution, including cell lysates. The mechanism of the BCA assay 
is primarily dependent on two reactions. First, the peptide bonds in the proteins reduce 
copper (II) sulfate present in the BCA solution (Cu2+ to Cu+). This is a temperature-
dependent step. Second, each Cu+ ion chelates two molecules of BCA forming a purple 
colored product that is quantified by A595 nm and shows a linear response to increasing 
protein concentration. Accordingly, the protein concentration in cell lysate or in other 
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samples is typically determined by using a BSA protein standard to develop a calibration 
curve. 
The BSA calibration curve was linear in the range 20-200 µg/ml (Fig. 10). The estimated 
yield of total protein was 60 μg per ml of yeast culture (107 cells), which is comparable to 
previous work (von der Haar 2007).  
 
Fig. 10: BSA standard curve. A useful linear range of protein concentration up to 200 µg/ml 
is achieved. 
 
4.4 ESTIMATION OF SPECIFIC STRESS PROTEINS USING ELISA 
The batch of 107 cell ml-1 yielded 60 µg ml-1 protein and was analyzed for specific stress 
proteins using a standard commercial ELISA technique. Stress-biomarker proteins, 
RAD54 and HSP70, were measured when yeast cells were exposed to H2O2 at 5mM, 
50mM and 500 mM concentrations for 60 minutes each, and when cells were exposed to 
UV A, B and C at 365 nm, 302 and 254 nm, respectively for 15 minutes each. The 
experiments were repeated three times (n=3) loading the samples in duplicate each time, 
and were graphically represented along with mean ± SD. Detection of stress-biomarker 
proteins, RAD54 and HSP70 is reported below. 
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An increase in expression of RAD54 protein (Fig. 11 and Fig. 12) and HSP70 (Fig. 13 and 
Fig. 14) occurred in response to H2O2 and UV. 
 
Fig. 11: Quantitation of RAD54 expressed by yeast cells exposed to H2O2 for 60 minutes 
and detected by ELISA. Control: baseline levels expressed by cells, without exposure to 
H2O2. Significant difference was observed between treatments groups as well as wrt 
control (P<0.05, n=3). 
 
 
 Fig. 12: Quantitation of RAD54 expressed by yeast cells exposed to UV for 15 minutes 
and detected by ELISA. Control: baseline levels expressed by cells, no UV exposure. 
Significant difference was observed between treatment groups as well as wrt control 
(P<0.05, n=3). 
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Fig. 13: Quantitation of HSP70 expressed by yeast cells exposed to H2O2 for 60 minutes 
and detected by ELISA. Control: baseline levels, no H2O2 treatment. Significant difference 
was observed between treatment groups as well as wrt control (P<0.05, n=3). 
 
                          
Fig. 14: Quantitation of HSP70 expressed by yeast cells exposed to UV for 15 minutes and 
detected by ELISA. Control: baseline levels, no UV treatment. Significant difference was 
observed between treatment groups, except UVC compared to UVB, as well as wrt control 
(P<0.05, n=3). 
 
When yeast cells were exposed to H2O2 for 20-60 min, and to UVA and UVB for 5-15 
minutes a continuous increase in levels of stress-proteins RAD54 and HSP70 was observed 
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for up to 60 minutes (Figs. 11-14).  Baseline or constitutive levels of RAD54 and HSP70 
were roughly 400 and 50 pg per ml culture, respectively. The induction of RAD54 in 
response to UV (Fig. 12) is rapid and higher compared to H2O2 (Fig. 11). RAD54 induction 
in response to the two toxins was 5-6 folds wrt baseline levels, control. Although, HSP70 
cellular expression levels were low compared to RAD54, HSP70 (inductive isoform) 
showed an ~8-fold higher induction in response to toxins (Fig. 12 and Fig. 13). In contrast 
to HSP70, which did not show any significant increase in response to UVC as compared 
to UVB, RAD54 induction in response to different doses of UV was incremental. RAD54 
and HSP70 induction levels in response to toxins are in agreement with previous reports 
(Cole et al. 1987; Scott et al. 2003 and Wang et al. 2012). 
All aerobic organisms, including yeast, suffer exposure to oxidative stress caused by 
reactive oxygen species (ROS), which is a major pathway in stress tolerance and toxicity 
mechanisms (Jamieson et al. 1998). ROS is ubiquitous in nature and has numerous sources 
including H2O2 and UV. Radiation acts on the stable form of elemental oxygen (O2) to 
form highly unstable ozone molecules (O3), which are sources of ROS. Undoubtedly, 
besides oxidative stress there are several other pathways of stress including those due to 
carbonyl groups, glyoxals, and methylglyoxals, among other chemical agents. However, 
none of them are well characterized because of the intricate interplay between these 
numerous pathways. However, the difference between induction of RAD54 and HSP70 in 
response to UV may be explainable. RAD54 nomenclature is derived from being 
RADiation sensitive, which supports the finding of a continuous increase in levels of 
RAD54 in response to UV as compared to HSP70. UV is reported to cause photochemical 
damage to cellular DNA, which is repaired by DNA enzyme (RAD54) and hence, UV 
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induction of RAD54 is more significant than that of HSP70. Although heat was not 
included in the study, interestingly, RAD54 is not responsive to heat stress (Cole et al. 
1987). On the other hand, Heat Shock Protein (HSP) can be speculated to express higher 
sensitivity to heat, similar to higher RADiation sensitivity of RAD54, as observed in this 
study. 
4.5 SUMMARY 
Stress proteins, RAD54 and HSP70 were tested for their expression in response to 
incremental doses of H2O2 at 5, 50 and 500 mM concentrations for up to 60 minutes and 
to UV, A, B and C for 15 minutes. HSP70 and RAD54 showed 4 to 8 fold induction in 
response to both peroxide toxins and UV light exposure. 
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CHAPTER 5 FABRICATION OF COLLOIDAL SERS SENSOR 
The purpose of this chapter is to select the best active SERS substrate between Au and Ag 
NPs and use it for the synthesis of the SERS immunosensor (specific aim 2). This work 
has been published in a full-length research article in Journal of Biosensor & Bioelectronics 
(Bhardwaj et al. 2013). Written permission (e-mail) to use this publication content in my 
dissertation has been obtained from the editor of the journal and a copy of the e-mail is 
incorporated in the appendix IV. 
Materials and methods for this chapter, consistent with specific aim #2, are discussed in 
chapter III, section 3.2. 
5.1 SYNTHESIS AND CHARACTERIZATION OF SERS SUBSTRATES 
Almost spherical Au and Ag NPs were synthesized using a conventional citrate reduction 
method (Lee et al. 1982). They were ~60-nm diameter and displayed a narrow size 
distribution (polydispersity index < 0.15) as well as the expected characteristic color and 
absorption peak (Fig. 15). Roughly 50-60 nm spherical NP is the best size to achieve high 
SERS activity and cell uptake (Stamplecoskie et al. 2011; Chithrani et al. 2006). The 
substrates were highly negatively charged (-40 mV) due to citrate groups. Citrate is the 
most commonly used carboxylic acid because it acts as a reducing agent as well as a 
capping (coating) agent for Au and Ag NPs. The citrate-cap is significant for two reasons. 
First, the oxy (O-) and hydroxyl (OH-) groups of the citrate offer a high repulsive force that 
provides stability to the NPs. Second, these groups are easily replaced by other more 
reactive functional groups such as thiol (SH), thereby, allowing facile conjugation of 
biomolecules to the NPs. The concentration of the two substrates, estimated using ICP-
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MS, was 100 ppm (0.1 mg/ml), which is roughly equivalent to 7x1010 NPs/ml. The shape, 
size, charge and concentration of the Ag NPs are in good agreement with other groups that 
used a similar citrate reduction process (Emory et al. 1998; Kahraman et al. 2010). 
Fig. 15: Characterization of colloidal Au (top row) and Ag (bottom row) NPs-based SERS 
substrates. Characteristic red color of Au and yellow-greenish Ag (left) with absorption 
peak at 525 and 435 nm, respectively (middle) indicates the formation of NPs. TEM image 
(right) indicates the NPs are almost spherical with ~50-60 nm size. 
 
5.2 SELECTION OF ACTIVE SERS SUBSTRATE 
The prominent peak of R6G at 1503 cm-1 and the footprint area 20Å2 was considered for 
the calculation of SERS EF using the equation given in section 3.2.3. The Nsurf is estimated 
to be 4.87 x 1011 and the Nvol to be 2.47 x 1014. The ratio of Isurf to Ivol for AgNPs is 
estimated to be 8.92 x 102 and therefore the EF is calculated as 4.52 x 105. However, the 
Au NPs resulted in lower SERS intensity (Isurf) and therefore the lower EF of 2 x 103. 
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Theoretical calculations indicate that single Au and Ag NPs can reach the maximum EF to 
103-104 and 106-107, respectively (Kerker 1987). The EF of the colloidal Ag NPs is 
comparable to 3D silver shells (Payne at al. 2005), which is an improvement over other 
conventional geometries such as colloids and films (Malvaney et al. 2003). Considering 
more than 200x difference in SERS activity of the Ag NPs as compared to Au NPs, Ag 
NPs colloids were used for the fabrication of SERS sensor. 
5.3 PHYSICOCHEMICAL CHARACTERIZATION OF SERS SENSOR 
The size of the Ag NPs after conjugation of MAbs for stress proteins increased from 60 to 
98 nm, polydispersity increased from 0.12 to 0.16, the charge decreased from -40 to -18 
mV and their characteristic yellow-greenish color changed to light grey due to slight 
aggregation, which is typically observed during sensor fabrication (Fig. 16). 
 
Fig. 16: Physical characterization of Ag NPs-based SERS substrate (left column) and 
sensor for RAD54 detection (right column). Negligible color change, characteristic of 
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immunosensor fabrication (inset images) and increase in average size (histogram) of SERS 
substrate after antibody conjugation (immuno-sensor) is observed (a). TEM images of bare 
AgNPs (SERS substrate, left) and RAD54 antibody (white dots and filaments, right) 
conjugated AgNPs (immunosensor). 
The SERS immunosensor was chemically characterized by acquiring Raman spectra at 
each step of sensor fabrication as shown in Fig. 17: a) Preparation of Ag NPs b) 
Conjugation of MMT cross linker to Ag NPs (Ag NPs-MMT) and c) conjugation of MAbs 
to Ag NPs-MMT solution (SERS immunosensor). The noticeable bands around 1060 cm-1 
and 245 cm-1 are assigned to nitrate (NO3-) stretching and are used to monitor the 
conjugation process. The successive decrease in this band confirms the replacement of 
nitrate groups by the functional groups of the linker and the MAbs. Previous work has 
employed the nitrate band for characterization of Ag NPs, and as an internal standard 
during sensor fabrication (He et al. 2011; Kora et al. 2012). Likewise, the decrease in 
intensity of the nitrate peaks and the addition of two main bands around 1300 cm-1 
characteristic of the MMT linker have been reported (Li et al. 2006). Three Raman active 
aromatic amino acids, tryptophan (W), Phenylalanine (F) and tyrosine (Y) contributed to 
the Raman signals with peaks around 1390 and 712 (W), 1005 and 600 (F), 1133 and 853 
(Y). The successive conjugation of MAbs to the linker via amide bonds (CO-NH) is 
validated by the weak peaks originating from amide I (C=O around 1240 and 1290), amide 
II (out-of-phase C-N stretching around 1454 and 1494) and amide III (in-phase C-N 
stretching between 1560 to 1660). The Raman peaks of proteins are in good agreement 
with the literature (Tuma 2005; Han et al. 2008). 
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Fig. 17: Chemical characterization of the SERS sensor for RAD54 detection. Weak 
nitrate (NO3-) peaks characteristic to Ag NPs (a) and strong peaks of MMT Lk (b) 
are replaced by peaks associated with proteins or MAbs (c). The solid and the dotted 
arrows represent decrease in characteristic peaks of Ag NPs (NO3-) and the MMT 
Lk, respectively. Protein bands are assigned to aromatic amino acids (W: 
Tryptophan, Y: Tyrosine and F: Phenylalanine) and amide bonds (I: C=O, II: C-No, 
III: C-NIn where O is out-of-phase and In for in-phase, after Bhardwaj et al. 2013). 
 
5.4 SELECTIVITY TESTING OF SERS SENSOR 
Bovine serum albumin (BSA) has traditionally been used as a blocking agent to avoid non-
specific binding. However, all BSAs are not alike in their preparation and therefore differ 
in their non-specific blocking resistance (Xiao et al. 2012). Crude BSA and other ionic 
blocking agents such as casein, gelatin and dry milk have high globulin content and fatty 
64 
acids, which have high affinity to biomolecules circulating in a real environment 
(Buchwalow et al. 2011). Therefore, a fatty-acid-free and globulin-free (FAFGF) 
preparation of BSA (Sigma#A7030) was used. The selectivity of the SERS immunosensor 
coated with FAFGF-BSA and mPEGSH blocking agents was tested by detection of 
standard protein mixed with R6G. There was no R6G characteristic peak at 1503 cm-1, but 
the distinct characteristic protein peak at 1390 cm-1 was observed (Fig. 18), which indicates 
selectivity of the SERS immunosensor for RAD54 detection. 
 
 
 
 
 
 
Fig. 18: Selectivity of the RAD54 SERS sensor. The Raman spectrum of the RAD54 SERS 
sensor showing a peak at 1390 cm-1 (top and middle) due to carboxylic groups in the 
protein. Note that while the characteristic peak of R6G at 1503 cm-1 is present in the Raman 
spectrum of R6G (bottom), it is missing in the Raman spectrum of RAD54 mixed with 
R6G (top), which indicates the sensor’s selectivity. Each spectrum is background 
subtracted using a spectral calculator (after Bhardwaj et al. 2013). 
 
5.5 SUMMARY 
Colloidal spherical SERS substrates, Au and Ag NPs of ~ 60-nm size were prepared. Ag 
NPs exhibited ~ 200x increased activity as compared to Au NPs. Therefore; to achieve 
higher sensitivity, the SERS immunosensor was fabricated using the Ag NPs SERS 
substrate. The sensor was fully characterized for their physical and chemical properties 
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including shape, size, charge, concentration, polydispersity and chemical conjugation. The 
SERS sensor did not exhibit non-specific binding, as evident from selectivity testing of 
SERS sensor in presence of R6G. 
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CHAPTER 6 EXTRACELLULAR DETECTION OF PROTEINS USING SERS 
SENSOR AKA SLISA 
This chapter focuses on the quantification of RAD54 and HSP70 proteins expressed in 
response to H2O2 and UV using a SERS-Linked ImmunoSensor Assay (SLISA) (specific 
aim 3). The sensing attributes include correlation in accuracy of detection and performance 
of SLISA compared to ELISA. This work has been published in a full-length research 
article in Journal of Biosensor & Bioelectronics (Bhardwaj et al. 2013) and SPIE Defense, 
Security and Sensing proceedings (Bhardwaj et al. 2015). Written permission (e-mail) to 
use publication content in my dissertation has been obtained from the editor of the journal 
and a copy of the e-mail is incorporated in the appendix IV. 
Materials and methods for specific aim #3 are discussed in chapter III, section 3.3. 
6.1 ESTIMATION OF PROTEINS USING SLISA 
The carboxylic (COO-) band at ~ 1390 cm-1 is qualitatively as well as quantitatively distinct 
in the SERS immunosensor (Fig. 18 and Fig. 19), suggesting ionic interactions between 
antigen and the antibody. Therefore, the levels of proteins expressed in response to toxins 
were quantified using COO- band. The schematic and qualitative information on SERS 
immunosensor is shown (Fig. 19). The bifunctional MMT linker (Lk with SH and COOH 
groups at the end) covalently binds to the Ag NP via a metal-sulphur (M-S) bond and to 
the antibody via a peptide bond (CO-NH). The spectrum characteristic of ring-containing 
aromatic amino acids is dominant in direct SERS of the RAD54 protein, but disappears in 
the immunosensor, perhaps because the agglutination of antibody with antigenic 
determinant region, epitope occurs via aliphatic-rich region. The Lk band at ~1280 cm-1 
serves as an internal standard. 
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Fig. 19: Schematic representation of the SERS sensor (aka SLISA, left) and the 
characteristic SERS spectra (right). SLISA gives qualitative information on chemical 
conjugation of the sensor and the interaction of antigen with antibody (after Bhardwaj et 
al. 2015). 
 
6.2 COMPARISON OF SENSING ATTRIBUTES, ELISA VS. SLISA 
Label-free SLISA showed good correlation in accuracy with the traditional label-based 
ELISA assay for the extracellular detection of HSP70 and RAD54 expression to H2O2 and 
UV toxins (Fig. 20A and Fig. 20B). A several fold increase in the levels of RAD54 (~5x) 
and HSP70 (~8x) was observed in agreement with previous reports (Cole et al. 1987; Wang 
et al. 2012). 
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Fig. 20: Correspondence of SLISA with ELISA for the extracellular detection of stress 
proteins. Both techniques show good correlation (R2) in the detection of proteins, HSP70 
(A) and RAD54 (B), from yeast cells after UV and H2O2 exposure. SERS intensity (x106) 
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is measured at 1390 cm-1 and the ELISA intensity is measured at 450 nm. The error bars 
represent SD of n=3 (after Bhardwaj et al. 2013). 
 
SLISA and ELISA detect HSP70 at LOD 50 pg/ml and thus have the same sensitivity. 
However, SLISA was more sensitive than ELISA for RAD54 detection, 10 vs 50 pg/ml. 
The increased sensitivity of the SLISA for RAD54 detection is due to its higher Raman 
activity, possibly because of a stronger interaction of RAD54 with the SERS sensor 
compared to HSP70. RAD54 is a fairly large protein relative to HSP70 (84KD with 738 
amino acids vs. 70 KD with 642 amino acids) with more repeated SERS active aromatic 
amino acids. Nonetheless, their low electron density renders them poor scattering 
molecules that are dependent on their adsorption or interaction with the sensor, which in 
turn depends on protein aggregation, surface charge, and the ionic species present in the 
suspension. Considering that no aggregating agent/ions were used in the study, the 
interaction is likely governed by surface charges on both the proteins and the SERS 
immunosensor. The RAD54 protein has a higher isoelectric point (pI) than HSP70, 8.85 vs 
5.48. Hence, RAD54 appears to show high affinity towards the negatively charged 
colloidal SERS sensor that has pH 7-8. A similar effect of charge on the interaction of 
proteins to the Ag NPs is reported (Kahraman et al. 2010). 
Although SLISA is simple and sensitive as compared to ELISA, the latter is more 
reproducible. The reproducibility of SLISA is particularly decreased with increasing 
protein concentration, as reported previously (Kahraman et al. 2010). SERS is an 
aggregation-based phenomenon that leads to an increase in optical scattering area. 
However, aggregation is a random process, hence, the decrease in SERS signals. The 
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reproducibility (< 20% deviation in SERS signal intensity), sensitivity (LOD ≤ 0.05 ng/ml) 
and detection range (LRD 0.05-2.5 ng/ml) of the colloidal SERS sensor to measure proteins 
is comparable to that achieved by the more labor-intensive, time-consuming and costly 
lithography approach to array Au and Ag NPs on solid substrates (Malvaney et al. 2003; 
Lee et al. 2011). SERS assays technically fail to accurately quantitate proteins, which is a 
major inherent limitation of SERS immunoassay designs (He et al. 2011, Anal. Chem.). 
This may be due to the following two reasons. First, failure to effectively discriminate 
between Raman signals of antigen from antibody conjugated SERS substrate (background) 
at practically relevant pico-levels (He et al. 2011, J. Raman Spectrosc.). Second, antibody 
is a large protein molecule that leads to binding of antigen outside the zone of 
electromagnetic enhancement from the SERS substrate (He at al. 2011, Anal. Chem.). 
Therefore, the distance-dependent and aggregation-based nature of signal enhancement 
limits the SERS quantitation potential. Use of aptamers to replace the SERS immunosensor 
with an aptasensor to decrease the distance between SERS substrate and the antigen, as 
well as a different Raman signature of aptamer from antigen helps improve quantification 
by SERS (He et al. 2011, Chemical Sci.).  Compared to several other Raman instruments, 
the PerkinElmer RamanStation 400F offers some technical advantages, including high 
power (100mW), which offers higher sensitivity. In addition, a large spot size (100 µm) 
allows better averaging and reproducibility of signals analyzed from a large scanning area 
(Zheng et al. 2014). Further, scanning in mapping mode over conventional point focus 
further improves reproducibility (Lee et al. 2011). 
SLISA offers direct detection of proteins based on the chemical signatures characteristic 
of specific proteins. However, because ELISA employs an indirect approach of detection 
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employing label-conjugated analytes, there is an increased chance of interference. 
Additionally, SLISA is rapid and simple, allowing measurement of proteins in two hours 
and requires no mandatory washing, secondary antibody binding, enzyme-substrate 
reaction, additional reagents and expense, characteristics of ELISA. Most noteworthy, 
SLISA gives qualitative information on SERS immunosensor’s fabrication, stability and 
antigen-antibody binding, which ELISA fails to do without the addition of western blotting. 
In short, SLISA outperforms the traditional ELISA assay in allowing RISE detection 
(Table 3). The RISE properties of SLISA allow its applications in resource-limited settings. 
Table 3: Performance comparison (RISE): ELISA vs. SLISA 
_____________Rapid____________Inexpensive_________________Simple_________________Effective_______
__ 
                       Time (hrs.)       Well-plate                  Reagents                             #Steps                      Qualitative                   Quantitative 
 
Not reusable  Primary & secondary Ab         ≥ 7     Label-Based   LOD: 50 pg/ml 
ELISA ≥ 6 Wells pre-coated 
with antibodies 
Enzyme, Substrate &  
Label #1 each 
Several washings     Indirect Detection 
R2: 0.99 
 
Primary MAb          ≤ 3  
         
 
SLISA     ≤ 2 Reusable No need of Enzyme, 
Substrate & Label 
No Washing    Label-Free 
   Direct Detection 
LOD: 10 pg/ml  
 R2: 0.97 
 
6.3 SUMMARY 
The SLISA is able to quantify induced levels of RAD54 and HSP70 expression in response 
to toxins. The SLISA has good correspondence with ELISA in extracellular detection of 
proteins. Most noteworthy, SLISA has an edge over ELISA by allowing label-free 
detection and giving qualitative information on immunosensing. Additionally, SLISA 
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allows RISE detection as compared to ELISA and hence it has potential for applications in 
resource-limited settings. 
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CHAPTER 7 INTRACELLULAR DELIVERY AND DETECTION OF PROTEINS 
USING SERS SENSOR AKA CBB-SIST 
The purpose of this chapter is to describe a method for the efficient delivery of colloidal 
Ag NPs into yeast cells and to describe the development of the first CBB-SIST, consistent 
with specific aim #4 described in Chapter 2. For intracellular detection of proteins, ~5x104 
protein molecules in yeast, roughly 4000 60-nm SERS sensor molecules are required. The 
nanoparticles should display a uniform intracellular distribution with no significant 
cytotoxicity. Three intracellular delivery strategies were investigated to achieve the goal, 
passive and TATHA2-facilitated diffusion, and electroporation. TATHA2 is a fusogenic 
peptide, which allows rapid and high uptake of NPs across cell membrane/s via 
macropinocytosis, without any endosomal entrapment and cytotoxicity (Wadia et al. 2004; 
Ye et al. 2012). Additional emphasis was placed on the development of a high throughput 
and portable CBB-SIST. This work has been published as a communication research article 
in the journal Analyst (Bhardwaj et al. 2015). Written permission (e-mail) to use the 
content of this publication in my dissertation has been obtained from the editor of the 
journal and a copy of the e-mail is incorporated in the appendix IV. 
Materials and methods for this specific aim #4 are discussed in chapter III, section 3.4. 
7.1 CELLULAR TOXICITY 
A Bio RAD MicroPulser Electroporation Apparatus was used to test electric field strength, 
E= 0.875 kV/cm, optimized for rapid intracellular delivery of Ag NPs for SERS detection 
without any significant cytotoxicity (Yu et al. 2011). However, severe physical damage 
(Fig. 21) and toxicity to yeast was observed even at lowest electroporation dose, E= 0.5 
kV/cm for single pulse of 1 ms, inconsistent with previous observation in animal cells (Yu 
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et al. 2011). Results suggest that electroporation of yeast cells to deliver plasmonic metal 
NPs are not a suitable strategy for intracellular SERS immunosensing. 
Fig. 21: Damaging effect of electroporation shown by SEM.  i): cell with no AgNPs, but 
electroporation ii): cells with Ag NPs, but no electroporation and iii): cells with Ag NPs as 
well as after electroporation, cell damage indicated by arrows (after Bhardwaj et al. 2015). 
The damaging effect of electroporation to cells in the presence of Ag NPs could be 
attributed to heat generation, a characteristic phenomenon of metal NPs in the presence of 
electric field/laser (Govorov et al. 2007). The accelerating voltage of 200 kV from TEM 
lead to Ag NPs melting, changing shape or vaporization (Fig. 22), consistent with previous 
reports (Takami et al. 1999).   
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Fig. 22: Ag NPs vaporization (A & B) and shape change (C) on exposure to 200 kV in 
TEM. 
The use of Ag NPs for passive diffusion and TATHA2-functionalized Ag NPs for 
facilitated diffusion, both induced dose- and time-dependent growth inhibition. At 1 and 
10 ppm for up to 12 hr Ag NPs exhibited cell mortality of <5% and 15%, respectively. At 
the highest dose, 100 ppm for 12 hours, the Ag NPs exhibited < 30% cell mortality and 
Ag+ resulted in almost 100% mortality (Fig. 23). Sixty-nm chitosan NPs were used as a 
negative control in the cytotoxicity study, as the chitosan polymer is considered non-toxic 
and safe for applications in drug delivery. The suspending solution was non-toxic. Among 
silver-treated groups, Ag+ was used as a positive control and showed a significant 
difference (P<0.05) in cell mortality, but no significant difference (P>0.05) was observed 
between the cells exposed to bare (BR-) Ag NPs vs TATHA2-functionalized Ag NPs. A 
similar lack of toxicity of Ag NP in microbial cells has been reported (Xiu et al. 2012) by 
using a coating of thiol-PEG around Ag NPs to block Ag+ dissolution. 
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Fig. 23: The growth inhibition effect of Ag. The growth inhibition (toxicity) of non-
functionalized or bare- (BR-) and TATHA2- (TH-) functionalized Ag NPs as 
compared to control (CT), chitosan (CH), TH and Ag+. Significant difference is 
P<0.05 (after Bhardwaj et al. 2015). 
In agreement with previous reports on Ag NP toxicity, two major points can be deduced. 
First, the dissolution of Ag NPs to Ag+ is the major cause of toxicity (Xiu et al. 2012). 
Second, the degree of cell uptake of Ag NPs (bioavailable dose) influences the Ag NPs cell 
toxicity (Yen et al. 2009). The significant difference in bioavailability of Ag NPs delivered 
via passive and facilitated diffusion is definitely another critical factor controlling toxicity, 
as discussed in the next section. 
7.2 CELLULAR UPTAKE 
The cell uptake (adsorption + internalization) of Ag NPs into yeast was studied following 
a mild 5 min I2/KI etching procedure, reported previously (Cho et al. 2010). This process 
effectively removed the Ag NPs from the yeast surface (Fig. 24).  
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Fig. 24: SEM images of yeast cells before and after I2/KI etching. A and B are cell masses, 
though not clearly visible due to their complete coverage by Ag NPs. C and D have been 
etched using I2/KI solution, a process that removes the Ag NPs and reveals the cell surfaces 
(after Bhardwaj et al. 2015). 
TATHA2 facilitated delivery resulted in rapid (within 3 hours) and high internalization (~ 
15 fold, > 4000 Ag NPs per cell) of TATHA2-Ag NPs compared to bare-Ag NPs (Fig. 25). 
A several fold difference in internalization of Ag NPs by the two strategies seems to be 
due to the difference in endocytic pathways. TATHA2-mediated delivery is due to 
macropinocytosis, a rapid receptor-independent form of endocytosis in which the transport 
vesicle is composed of membrane-lipid drafts (Wadia et al. 2004; Ye et al. 2012). This is 
in contrast to the relatively slow, receptor-mediated endocytosis, which is typical of inward 
budding of plasma membrane vesicles that contain proteins and specific receptors. The 
charge-driven cellular uptake of NPs, for example, is controlled by this receptor-mediated 
process (Chithrani et al. 2006; Zhu et al. 2008; Cho et al. 2010; Yen et al. 2009). 
79 
 
Fig. 25: Kinetics of Ag NPs uptake in yeast via passive and TATHA2-facilitated diffusion. 
Ag NPs are quantified using ICP-MS. Total uptake is adsorption + internalization. BR: 
bare and TH: TATHA2-functionalized. Significant increase in number of Ag NPs cell 
uptake is observed upto 12 hours in TH-Ag NPs-internalized group, while other groups 
show Ag NPs uptake saturation in 3-6 hours (after Bhardwaj et al. 2015). 
Passively diffusing Ag NPs reach internal saturation by 6 hours, while TATHA2-Ag NPs 
show significant increases even at 12 hours (Fig. 26). The rapid and preferentially uniform 
intracellular distribution of TATHA2-Ag NPs, (i.e., no compartmentalization), was 
observed within 3 hours (Fig. 26, A). However, the bare-Ag NPs were primarily found 
adsorbed to the cell surface, with little/no internalization. Where the passively diffusing 
bare-Ag NPs were internalized, they were entrapped in endosomes and failed to become 
uniformly distributed (Fig. 26, B). 
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Fig. 26: In situ TEM images to observe intracellular distribution of Ag NPs into yeast after 
surface etching. Ag NPs are observed after 3 hours of TATHA2-facilitated diffusion (A) 
and 12 hours of passive diffusion (B). AgNPs aggregates appear as dark spots. Endocytic 
pathway: Endocytic Vesicle (EV), Endosome (E) and Late Endosome (LE); Nucleus (N) 
and Mitochondrion (M). Scale bar is 0.5 µm (after Bhardwaj et al. 2015). 
 
The high cellular uptake/internalization of Ag NPs by TATHA2-mediated diffusion over 
passive diffusion exposes the cells to a much higher dose of Ag NPs (~ 15 fold difference 
in bioavailable dose). The degree of Au and Ag NPs uptake, the bioavailable dose, directly 
impacts the cell toxicity (Yen et al. 2009). Therefore, TATHA2-facilitated strategy was 
selected for the efficient delivery of Ag NPs for the intracellular SERS detection of 
proteins. 
7.3 INTRACELLULAR DETECTION 
Development of the CBB-SIST requires stability and reproducibility of the sensor and its 
intracellular signals. The SERS sensor developed by delivering Ag NPs using the TATHA2 
peptides was stable for at least 3 hours (Fig. 27), which is the time required to deliver ≥ 
4000 sensor molecules into yeast towards detection of RAD54 and HSP70 proteins. 
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Fig. 27: Stability of RAD54 SERS sensor. The SERS sensor, functionalized with targeting 
and delivery peptides, after 3 hours (a) 6 hours (b) and 12 hours (c). Stability of sensor 
decreases with time, as indicated by decrease in peaks characteristics to MMT linker at 
1285 cm-1 and carboxylic group of proteins at 1390 cm-1.  
The intense and distinct peaks characteristic to the MMT linker at ~ 1285 cm-1 and protein’s 
carboxylic group at ~ 1390 cm-1 indicate stability of the SERS sensor. The decrease in 
characteristic peaks over time indicates a decrease in stability of the sensor. The stability 
of the AgNP-Lk-MAb conjugate is evident from the metal-sulphur bond between Ag NP 
and MMT in range of 400-600 cm-1, and the peptide bond between MMT and MAb ranging 
from 1500-1700 cm-1. 
Although the SERS sensor with targeting and delivery peptides was stable and generated 
reproducible extracellular signals, no reproducible signals were obtained intracellularly 
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from CBB-SIST (Fig. 28). Reproducibility of intracellular signals from the sensor is critical 
towards development of a CBB-SIST. The chemical fingerprint of the sensor is 
qualitatively almost similar to the protein of interest, in this case RAD54 and HSP70 (Fig. 
19). The only reliable basis to measure proteins intracellularly is to accurately quantitate 
the difference in Raman intensities of the SERS sensor (background) and the proteins. 
 
 
Fig. 28: Raman spectra of the CBB-SIST. CBB-SIST are the yeast cells internalizing SERS 
sensors functionalized with targeting and delivery peptides. Intersecting lines in images on 
right show point of focus where the Raman spectro-microscope laser was focused (50x 
objective, laser spot size 20 µm and depth of focus 40 µm). The laser was focussed on 
aggregates of the sensor molecules, visible under the microscope. Signal generation was 
negligible and irreproducible. 
Direct analysis of peak intensities as well as chemometrics failed to discriminate analyte 
signals from background. 
7.4 SUMMARY 
A SERS sensor was delivered efficiently and uniformly into yeast cells with > 4000 sensor 
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molecules in 3 hours without any significant toxicity. All of these characteristics and are 
pre-requisites for the development of the first CBB-SIST. The sensor was stable for at least 
3 hours and produced strong and reproducible Raman signals extracellularly. However, 
signal generation and reproducibility was not achievable inside the cell. Direct analysis as 
well as chemometrics completely failed to discriminate analyte signals from background. 
Development of the proposed first portable and high throughput CBB-SIST will require 
overcoming these obstacles. The discussion section gives detail on the possible changes in 
the technical design of the sensor to develop first CBB-SIST. 
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CHAPTER 8 A CASE STUDY: ON-CHIP SLISA 
The purpose of this chapter is to describe the development of a portable on-chip SLISA 
prototype and translate its application to the environmental surveillance of chemical toxins, 
known as well as unknown. The H2O2/RAD54 dose-response relationship is correlated to 
the EPA’s three-tiered scheme of exposure to dangerous chemicals (IDLHs) to signify 
applications of the on-chip SLISA in resource-limited settings. This work has been 
published as a full-length research article in SPIE DSS proceedings (Bhardwaj et al. 2015). 
My on-chip SLISA prototype invention is also under patent submission by the FIU 
Technology Management and Commercialization. Written permission (e-mail) to use this 
publication and patent content in my dissertation has been obtained from the journal editor 
and from the licensing manager of FIU Technology Management and Commercialization. 
Copies of the e-mails are incorporated in the appendix IV. 
Materials and methods for this specific aim #5 are discussed in chapter III, section 3.5. 
8.1 FABRICATION OF A PROTOTYPE MICROCHIP 
The SERS microchip design is robust, small, ergonomic and/or offers technical advantages 
over current designs (Fig. 29). For example, portable microfluidic SERS chip designs are 
expensive and complex, as they require separate loading, mixing and detection zones 
(Quang et al. 2008). Paper-based anSERS designs by contrast are simple and inexpensive, 
but can only be used once (Diagnostic anSERS, Inc. USA, Yu et al. 2013). Additionally, 
almost all commercial plates or microchips used for ELISA and SERS detection are 
manufactured using polystyrene or polypropylene, which are inexpensive but have high 
Raman background signals. 
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Fig. 29: Schematic of on-chip SLISA. A six-well glass-bottom reusable microchip  
(dimensions LxWxH is 30.5x25.5x1 mm) that offers RISE detection of proteins in just 3-
steps and 2 hours (after Bhardwaj et al. 2015). 
 
Glass has a negligible Raman signal and therefore it is a better choice to fabricate plates 
for RS/SERS applications (Marz et al. 2011). However, glass is expensive as compared to 
the aforementioned polymers and complicates the fabrication of the plate. Instead of using 
a whole-glass SERS chip design (Marz et al. 2011), a glass-bottom fabrication approach is 
economical as well as technically sound, as the Raman laser focuses on the bottom of the 
plate. A Commercial 8-well chip fabricated by Applied BioPhysics Inc., USA uses a 
somewhat similar design, microscope slide to mount plexiglass wells. However, the edges 
of glass slides protruding from corners of the chip are not safe and robust to handle and 
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transport. Additionally, the BioPhysics chip is specific for adherent mammalian cells and 
ECIS applications. The on-chip six-well microchip design (Fig. 28) is inspired from a 
PerkinElmer glass-bottom 96 well-plate (poly-D-lysine coated glass-bottom, 
Cat#6005530) that was used for high throughput screening in specific aima#3, and the 
BioPhysics 8-well chip design. 
8.2 A CASE STUDY 
Applications of SLISA for first responders in resource-limited settings were demonstrated 
using a six-well glass-bottom microchip (Fig. 29). H2O2 and RAD54 were chosen as model 
toxin and stress protein, respectively for the case study. H2O2 is a chemical toxin on the 
EPA’s priority list and was a better choice over UV toxin, as it is a chemical toxin and a 
simulant of TICs and CWAs. Three levels of dangerous H2O2 concentrations have been 
examined,  but not yet  clearly defined by the EPA and ATSDR. The first tier is ≤ 75 ppm 
and is defined as tolerable, with transient health effects. The second tier of ≤ 1000 ppm has 
long-lasting, disabling effect,  while third tier is > 1000 ppm and is life-threatening (Fig. 
30). Doses up to 5000 ppm dose of H2O2 have been reported to be tolerated by organisms, 
therefore the tier II dose might be revised in the near future. 
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Fig. 30: Translation of dose-response relationship to assess environmental risk of toxins. 
The H2O2-RAD54 dose-response curve is translated to three-tiered guideline levels, 
IDLHs, defined by EPA-ATSDR-CDC. The color code indicates the severity of health 
effects, guided by levels of RAD54 proteins expressed in response to H2O2 toxin. The 
asterisks represent the levels of RAD54 expressed in response to H2O2 (after Bhardwaj et al. 
2015). 
Stereotypically, on-chip SLISA can be a potential global biosensor for pre-regulatory or 
primary screening of toxins, as its H2O2-RAD54 dose-response relationship curve can be 
used to translate the information from diverse classes of toxins, known as well as unknown 
(Cahill et al. 2000 and Gasch et al. 2000). A comprehensive screening validation program, 
which successfully assessed a yeast-based GreenScreen Assay to study expression of 
RAD54 in response to 102 environmental toxins, support a wide market of on-chip SLISA 
developed in this project (Cahill et al. 2000). Yet another federally-funded genomic 
expression program explored ~ 900 genes involved in the environmental stress responses of 
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yeast to diverse environmental toxins (Gasch et al. 2000). Please note, on-chip SLISA to 
measure RAD54 might not be a good choice to monitor stress conditions including non-
genotoxic oxidative stress, reductive stress, heat, osmotic shock and amino acids starvation, 
as RAD54 does not show reciprocal response to these environmental stressors (Gasch et al. 
2000). Measurement of HSP70 in response to these stress conditions could help overcome 
this limitation. 
A critical consideration when establishing dose-response curves for environmental risk 
characterization is that the response of proteins to the toxins is assumed to be monotonic, 
i.e., increasing dose of stress toxins increases the stress proteins. However, the latest 
findings of non-monotonic dose-response (NMDR) curves has implications for 
environmental screening/surveillance and risk characterization, which is based on the EPA’s 
monotonic model using a slope factor to characterize environmental risk (Savitz 2014). A 
more detailed study is required to develop a robust and stable monotonic dose-response 
curve for decision making to avoid NMDR or extrapolating information by developing 
correct quantitative models from NMDR curves (Savitz 2014). The multi-phasic response 
of NSMase to H2O2 observed in this study (data not reported) is an example of an NMDR 
curve, which was the reason for not using the NSMase stress marker protein in this study 
(Jaffrezou et al. 1998). Development of a robust and reproducible dose-response 
relationship will require a comprehensive study to investigate a wide range of doses, 
primarily in the lower range if the aim is to quantitate, and determine kinetics. Undoubtedly, 
yeast is an excellent choice of human surrogate for the proposed environmental application, 
to achieve portability and long shelf-life compared to a mammalian cell-based-biosensor 
technology (Baronian 2004). However, it is apparent that differences in chemical-specific 
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and organism-specific dose-response curves will exhibit discordance when translating the 
data to untested toxins and organisms, such as from yeast to human as in this application 
(Cahill et al. 2004). 
  
8.3 SUMMARY 
The SLISA demonstration discussed in chapter 5 was translated to a proof-of-concept 
portable technology using a six-well microchip. The microchip design is simple, small, 
robust, inexpensive and reusable as compared to current ELISA, SERS and many other plate 
designs. The on-chip SLISA requires a three-step assay, which can measure proteins within 
2 hours. The H2O2-RAD54 dose-response relationship was translated to the EPA’s three-
tiered scheme of toxin guidance levels to potentially help first responders and minimize 
human health-risks in event of suspected environmental contamination. 
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SUMMARY AND FUTURE WORK 
The on-chip SLISA developed in this project is primarily designed for environmental 
surveillance of toxins. The project represents a rapid and simple proof-of-concept yes/no 
detection model, and a semi-quantification of very specific proteins generated in response 
to model toxins. SLISA is capable of the qualitative and semi-quantitative detection 
required for primary screening to characterize environmental risk. 
The SLISA is developed using Ag NP colloids that offer several fold SERS enhancement 
factor (~ 250x greater than Au NPs), which enable sensitive detection of proteins at pico 
levels. As compared to the competing industry-standard ELISA technology, SLISA allows 
the RISE detection of proteins without using any label and also provides qualitative 
information on the immunosensing, such as fabrication, stability and antigen-antibody 
interaction. However, ELISA is more reproducible than SLISA, probably because SLISA 
is an aggregation-based technique. Although lithography to control inter-particle distance 
between sensor molecules can improve SERS reproducibility (Lin et al. 2009; Lee et al. 
2011), lithographed substrates cannot be used for intracellular immunosensing, as the 
delivery will be invasive and damaging. Colloidal substrates are flexible and capable of 
penetrating cell membranes without damaging cell. TATHA2-facilitated delivery of 
colloidal Ag NPs offer efficient intracellular uptake into yeast over passive diffusion and 
electroporation strategies. TATHA2-facilitated delivery is rapid, and allows high and 
largely uniform cell uptake of Ag NPs without any significant cytotoxicity. Although the 
SERS sensor was stable and was successfully delivered into cells, it failed to detect 
intracellular signals from sensor and the development of the proposed first CBB-SIST was 
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not achieved. 
SLISA was demonstrated on a microchip (on-chip SLISA) for portability and ease-of-use, 
pre-requisites for applications in resource-limited settings. Additionally, the H2O2-RAD54 
dose-response relationships were correlated to the three-tiered levels of toxicity established 
by the EPA, CDC and ATSDR. As a critical consideration, the biomarkers’ response to 
toxins is assumed to be monotonic, i.e., increasing dose of stress toxins increases the 
amount stress proteins. The EPA’s guideline levels are based on a monotonic model to 
derive a slope factor towards characterizing environmental risk. However, the latest 
findings of non-monotonic dose-response (NMDR) curves have implications for 
environmental screening/surveillance and risk characterization (Savitz 2014). A more 
detailed study is required to develop a robust and stable monotonic dose-response curve 
needed for making decision.  
Use of yeast as sensor organism in the SLISA design confers portability and robustness to 
the CBB compared to the mammalian CBB designs (Baronian 2004; Banerjee et al. 2009). 
In the future, SLISA can easily be translated to a portable biomedical and environmental 
sensor technology using an on-chip SLISA design and a portable handheld point-and-shoot 
Raman spectrometer (Zheng et al. 2014). However, the SLISA developed in this study 
needs further optimization and a change in technical design from immunosensor to 
aptasensor to be capable of quantifying proteins with high accuracy, which is a major 
requirement in biomedical diagnostic assays, may be needed. SLISA and CBB-SIST 
cannot replace the industry-standard ELISA and cytogenetics for comprehensive screening 
and quantitation of proteomic and genomic biomarkers in organisms responding to stress 
toxins. 
94 
An antibody-based SERS design is likely not the best choice for a SERS sensor-based 
detection of proteins, either in the extracellular or the intracellular environments. 
Antibodies are very large protein molecules with molecular weights of several hundred 
KDs, similar to its target antigen. However, agglutination of antibody with antigen requires 
only a small chain of amino acids, the antibody’s paratope interacts to antigen’s epitope. 
The remaining redundant amino acid sequences limit the number of targeting sites that can 
be functionalized on the SERS sensor. Additionally, the resemblance of structural unit, 
amino acids in antibody and antigen result in a similar Raman signature, as noticed in this 
study. This complicates the discrimination of signals from background (SERS substrate 
functionalized with antibody) and analyte (antigen). The other major limitations of using 
antibodies are their sensitivity to temperature, which technically limits their shelf-life, and 
that of any immunosensor, including SLISA and ELISA to just few months. In last decade 
aptamers have emerged as an ideal alternate to antibodies (Keefe et al. 2010). Aptamers 
are very small and stable synthetic oligonucleotide or peptide sequences that bind to 
specific targets and have entirely different fingerprints (background) than antigens. 
Aptamers are easily modified to stably conjugate to almost any substrate without any need 
of a linker, unlike a SERS immunosensor, which require a bifunctional linker to conjugate 
antibody to the SERS substrate. Furthermore the metal-thiol bond in an aptasensor is far 
more stable than a typical peptide bond in an immunosensor design. A linker molecule also 
increases the distance between a SERS substrate and the antibody. This extra distance not 
only decreases sensitivity of the SERS sensor, but also increases the size of the sensor, 
limiting its cellular uptake. Therefore, replacement of the targeting peptide-antibody with 
an aptamer (Pang et al. 2014; Zheng et al. 2014) can be an alternative towards development 
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of the first SERS sensor for intracellular detection of proteins, and can possibly also 
increase sensitivity of the SERS sensor. Indeed, a SERS aptasensor has been developed for 
the sensitive, multiplex and simultaneous detection of four analytes using a single aptamer 
(Zheng et al. 2014). 
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